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Reverse Transcriptase was subjected to alkaline 
phosphatase treatment. This has been facilitated by the 
construction of an in vitro modification-réaction system in 
which purified reverse transcriptase was first modified by 
alkaline phosphatase and then allowed to directly partici­
pate in reconstructed reverse transcription reactions with 
35S RNA"tRNA^^P as template"primer. In this system a reduc­
tion in the efficiency of reverse transcription was 
observed.
To examine functional effects of alkaline phosphatase 
treatment, various specific events of early reverse tran­
scription were evaluated. Through the use of araCTP the 
initiation event at the tRNA^^^ was studied. The results 
suggest that the majority of the discrepancy between the 
activity of treated and control forms of reverse tran­
scriptase occurs at this point. The production of cDNA^t , 
the transcriptional jump and longer (-) DNA transcripts have 
been monitored. The original difference at initiation seems 
to be propagated during this sequence of events. Further­
more, this original inefficiency is compounded at the time 
of the release of the poly (A) tail. This could then repre­
sent a second unique site for an effect of phosphatase 
treatment on the function of reverse transcriptase activity. 
A nucleic acid hybridization study using specific DNA probes 
was utilized to examine the production of plus DNA species. 
The initiation of these two species has been likewise found 
to be affected by the modification of the reverse tran­
scriptase, suggesting a further function of reverse tran­
scription affected by phosphatase treatment.
11
TABLE OF CONTENTS
Page
ABSTRACT................................................  ii
LIST OF TABLES.......................................... viii
LIST OF FIGURES........................................  ix
ABBREVIATIONS..........................................  xi
ACKNOWLEDGMENTS .......................................  xii
Chapter
I. INTRODUCTION...................................  1
AVI AN MYELOBLASTOSIS VIRUS...................  1
THE AMV GENOME................................  3
IN VITRO REVERSE TRANSCRIPTION..............  4
Retrovirus Life-Cycle: General
Aspects..................................  4
Physical Properties of the
Reverse Transcriptase.......   5
Activities Associated with
Reverse Transcriptase...................  6
In Vitro Reverse Transcription............  7
REGULATION OF REVERSE TRANSCRIPTION......... 10
Protein Phosphorylation :
General Aspects.........................  10
Involvement in Regulation
of Activity..............................  11
Reverse Transcriptase is a
Phosphoprotein........................... 13
Experimental Design........................  14
Purpose of Study............................ 15
1 1 1
II. MATERIALS AND METHODS.........................  17
MATERIALS......................................  17
METHODS........................................  19
Purification of Avian
Myeloblastosis Virus....................  19
Isolation of Phosphate-Free 
Reverse Transcriptase By 
Column Chromatography With
P-11......................................  20
Nucleic Acid Purification.................. 21
SDS-Phenol Extraction...................  21
Oligo d(T) - Cellulose
Chromatography........................  2 2
Isolation of Viral 60S RNA.............  22
Purification of 35S RNA'tRNA^^P 
and Subgenomic RNA
Fragments..............................  22
Reverse Transcriptase Reactions...........  23
Poly (A)‘Oligo (dT)1 2 -I 8
As Template• Primer....................  23
3 5S RNA‘tRNA^^P As
Template • Primer.......................  24
Assays for the Specific
Events of Reverse Transcription........ 25
Initiation...............................  25
Early (-) DNA Products.................. 2 5
Poly (A) Release........................  25
Strong Stop ( + ) 300 and ( + ) 400........ 26
Full Length (-) DNA.....................  2 6
Purification of Reaction Products
Prior to Analysis.......................  26
IV
Preparation of Nucleic Acid
Hybridization Probes....................  26
c DNA^9°...................................... 26
cDNAj.gp...................................... 28
CDNA3 ........................................  2 8
Poly (dT)................................  2 9
Detection of Poly (A) By
Hybridization with [^H] Poly (dT).......  29
Dephosphorylation and 5'-End
Labeling of Nucleic Acids..............  30
Gel Electrophoresis........................  30
Fluorography and Autoradiography..........  31
Transfer of DNA from Agarose
Gels to Diazo-Benzyloxymethy1
(DBM)-Paper and Hybridization..........  32
Preparation of NMB-Paper...............  3 2
DBM-Paper................................  3 2
Transfer of DNA to DBM-Paper...........  3 3
Pretreatment and Hybridization of
DNA-Paper..............................  3 3
Preparation of Nuclease-
Free Alkaline Phosphatase..............  34
Determination of Inorganic
Phosphate................................  3 5
Preparation o f [^^P]-
Protamine Sulfate.......................  35
III. Results
Design Of A Modification
System.................................... 37
Isolation of Phosphate-Free
Reverse Transcriptase...................  37
V
storage of Phosphate-Free
Reverse Transcriptase...................  40
Alkaline Phosphatase:
Isolation and Activity
During the Pre incubât ion................ 40
Stability of Reverse
Transcriptase During the
Preincubation.  ......................  44
Interaction Between 
BSA or 3 5S RNA and
Alkaline Phosphatase....................  48
Alkaline Phosphatase:
Inhibition During The
Polymerization Reaction................. 54
Effect of Phosphatase 
Treatment on Rate of
DNA Synthesis............................ 64
Effect of Alkaline Phosphatase 
On Specific Events of
Reverse Transcription...................  66
Initiation Assay........................  66
Analysis of Early
DNA Products........................... 6 7
Assay for Poly (A)
Release................................  75
Strong Stop (+) 300
and ( + ) 400 Assay......................  77
Full Length (-) Strand
Assay................................... 81
IV. DISCUSSION..................................... 86
Experimental Design........... ......... . 8 6
Isolation And Instability 
Of Reverse Transcriptase
In Phosphate-Free Media................. 87
The Preincubation :
Alkaline Phosphatase
Activity.................................  90
v i
The Preincubation:
Reverse Transcriptase
Activity.................................. 92
Analysis of Specific Events
Of Reverse Transcription  9 3
Initiation Event with
tRNA^^P Primer........................... 94
Production of cDNA^?^......................  95
Elongation of cDNA^?^:
The Transcriptional Jump
And hpDNA................................  96
Poly (A) Release............................ 98
( + ) Strand DNA Synthesis...................  99
Full Length (-) DNA........................  101
Implications of Modification..............  101
Summary......................................  104
REFERENCES.........................    107
Vll
TABLES
Table
1. Effect of Components of the Reconstructed
Reaction on the Behavior of Reverse
Transcriptase During Pre incubation........ 47
2. Amounts of Early Products..................... 74
3. Relative Percentages of cDNA^?^
and hpDNA.................................... 76
4. Amounts of ( + ) DNA Products..................  84
v i i i
F (CURES
Figure
1. A Model of Reverse Transcription...........  8
2. Phosphocellulose Column Chromatography of
Reverse Transcriptase...................  39
3- Velocity Sedimentation of Isolated
AMV Reverse Transcriptase..............  41
4. Incubation of [ -Labeled Protamine
Sulfate with Alkaline Phosphatase.....  43
5. Effect of BSA on the Stability of
Reverse Transcriptase During the
Pre incubât ion Step......................  46
6 . Effect of Template•Primer on Stability of
Reverse Transcriptase During
Preincubation. . .  .......................  49
7. Comparison of Efficiency of BSA Versus
Template•Primer in Stabilizing Reverse 
Transcriptase During Preincubâtion  50
8 . Effect of BSA on the Activity of
Alkaline Phosphatase....................  52
9. Effect of 35S RNA on the Activity
Of the Alkaline Phosphatase............  53
10. Effect of Alkaline Phosphatase on the
35S RNA'tRNA^^P Template * Primer........ 55
11. Effect of Alkaline Phosphatase on
Deoxyribonucleoside Triphosphates.....  57
12. Effect of Increasing Phosphate
Concentration On the Activity
of Bovine Alkaline Phosphatase......... 58
13. Inhibition of Alkaline Phosphatase Over
An Extended Time Period................. 60
14. Inhibition of Alkaline Phosphatase Activity
During Polymerization Reaction
Conditions...............................  62
i x
15. Effect of Phosphatase Treatment
On Rate of DNA Synthesis................ 65
16. High Percentage Gel Electrophoresis of
araCTP-Terminated Transcription
Products.................................  6 8
17. Polyacrylamide Gel Electrophoresis
Analysis of Early DNA Products 
From 35S RNA*tRNA^^^-Directed
Reconstructed Reactions................. 6 9
18. Densitometrie Tracing of Early
DNA Product From Polyacrylamide
Gel Electrophoresis.....................  71
19. Release of Poly (A) During
Reverse Transcription................... 78
20. Detection of (+) DNA From 355
RNA• tRNA^^P-Directed Reactions......... 80
21. Densitometrie Tracing of (+) DNA 
From cDNAj-gp Probe Analysis. 82
22. Densitometrie Tracing of (+) DNA
From CDNA 3 I Probe Analysis.............  83
23. Size of 35S RNA*tRNA^^P-Directed DNA
Product................................... 85
ABBREVIATIONS
The following abbreviations are used in the text: AMV,
Avian Myeloblastosis Virus; BSA, Bovine Serum Albumin; DNA, 
Deoxyribonucleic Acid; (-) DNA, the DNA strand complementary 
to retrovirus genomic RNA; (+) DNA, the DNA strand with the 
same chemical polarity as the retrovirus genome; DTT, 
dithiothreitol; EDTA, ethylenediamine tetraacetic acid; hr, 
hours; hp DNA, hairpin DNA; kb, kilobases; MAV, 
Myeloblastosis Associated Virus; min, minutes; oligo (dT) 
oliogdeoxythmidylie acid; poly (A), polyadenylie acid; RNA, 
ribonucleic acid; SDS, Sodium Dodecyl Sulfate; Tris, Tris 
(hydroxymethy1 ) aminomethane; tRNA^ P, tryptophanyl transfer 
RNA.
XI
ACKNOWLEDGEMENTS
I would especially like to thank Dr. Kenneth F. Watson 
who gave me the chance to demonstrate my abilities, and 
without whose perserverance the production of this 
manuscript would not have been possible.
I would also like to thank John C. Olsen who pioneered 
the present work and John M. Ong, a friend in the truest 
sense of the word.
Finally to my parents, to whom this is dedicated.
XIX
CHAPTER I 
INTRODUCTION
The Retroviridae family (Fenner, 1976) is an important 
group of oncogenic viruses. They are grouped and character­
ized by their similar set of structural proteins, a genome 
consisting of a dimer of two 35S single-stranded RNAs, the 
possession of an RNA-directed DNA polymerase (reverse tran­
scriptase) and a DNA intermediate as part of their repli­
cative cycle (Bishop, 1978).
Early studies on the Retroviridae were carried out by 
Ellerman and Bang (1908) and Rous (1911). Working with cell 
free filtrates from leukemia cells and solid tumors of 
chickens, respectively, it was reported that a filterable 
agent derived from tumors resulted in a resumption of neo­
plastic phenomenon when reinoculated into avian systems.
The Retroviridae are presently known to be responsible for a 
variety of neoplastic diseases in a wide range of hosts 
(Beard, 19 6 3).
AVIAN MYELOBLASTOSIS VIRUS
A widely studied member of the Retroviridae family is 
the avian myeloblastosis virus (AMV) complex [BAI Strain A 
(Beard, 1963)]. The complex consists of three viruses. The 
principle leukemogenic agent is capable of inducing acute 
myeloblastic leukemia, nephroblastoma, osteopetrosis and 
visceral lymphoid leukosis but is defective in replication.
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Two other viruses are associated with this complex. 
These are the MAV I (Myeloblastosis Associated Virus) and 
MAV II, which are nondefective in replication (Moscovici,
1975). They are termed "helper viruses" in that they allow 
for the replication of the complex as a whole. They also 
possess the capability of producing all of the diseases 
listed above with the exclusion of myeloblastosis (Smith and 
Moscovici, 1969).
The condition of myeloblastosis results in high titers 
of free virus in the circulatory system. It is for this 
reason that plasma of AMV-infected chickens provides a rich 
source of material for these studies. The myeloblasts 
(primitive myeloid cells) themselves, as a result of this 
parasitism, overpopulate the blood.
Structurally, AMV particles are about 140 nm in 
diameter (Luftig et al., 1974). They possess a spherical
core sheathed by a membrane of lipid (Donar et al., 1963). 
The particles sediment at about 619-6935 (Sharp and Beard, 
1954; Salmeen et al., 1975), band in sucrose at a density of 
1.16 gm/ml (Bonar et al., 1964) and have a molecular weight 
of 2.0-2.6 X 10^ da 1 tons (Bellamy et al., 1964). Their 
largest single component is protein (60-65%) (Bonar and 
Beard, 1959) while RNA comprises only 2% by dry weight 
(Bonar and Beard, 1959).
THE AMV GENOME
The genome of AMV sediments as a 60-70S particle which 
dissociates upon heating into two identical, linear 35S RNA 
molecules (Cannani and Duesberg, 1972). Each is about 7.2 
kilobases in length. The 3'-end of the 35S RNA genome 
consists of a poly (A) tail (Stephenson et al., 1973). The 
5'-end is distinguished by its "capped", methylated struc­
ture m^G^ PPP^ Gm (Furiuchi et al., 1975). Internal ly 10 N^
methyladenosine residues are found per genome subunit 
(Furiuchi et al., 1975). All three of these properties are
characteristic of eukaryotic messenger RNA (mRNA) suggesting 
host cell enzymatic post-transcriptional processing of the 
viral RNA. Initiation of DNA synthesis occurs at a transfer 
RNA (tRNA) molecule functioning as the primer. The tRNA is 
located one hundred bases from the 5'-terminus of each 35S 
RNA molecule (Stoll et al., 1977). In avian systems the 
moiety has been shown to be of cellular origin and identical 
to tryptophanyl-tRNA (tRNA^^P) (Harda et al., 1975). Direct
terminal redundancies of about 2 0  nucleotides are found near 
the 5' and 3' termini of the RNA genome (Haseltine et al., 
1977; Schwartz et al., 1977; Stoll et al., 1977). These 
redundant termini (Temin, 1981) aid in the continuation of 
transcription at the 3'-end of the viral genome (Schwartz et 
al., 1977; Collett and Faras, 1978).
Informationally the 35S RNA subunit consists of 4 viral 
genes (Baltimore, 1975). Reading from 5' to 3 ' they are 
denoted: gag (contains viral core structural proteins), pol
(contains reverse transcriptase) , env (contains glyco­
proteins of the viral envelope) and one (confers 
oncogenicity) (Graf and Beug, 19 78; Wang, 1978). In avian 
myeloblastosis virus the one gene is referred to as either 
amv or myb. AMV lacks the env gene and is, therefore, 
replication-defective (Duesberg et al., 1980). The MAV I
and MAV II helper viruses contain the complete gag, po 1 and 
env genes but are transformation-defective with the one gene 
absent (Duesberg et al., 1980).
IN VITRO REVERSE TRANSCRIPTION
Retrovirus Life-Cycle; General Aspects
The retrovirus life-cycle involves, at some step, the 
obligate parasitism of a host cell. Not all the salient 
steps in the course of viral replication and release of new 
virion particles have been elucidated in detail. The glyco­
proteins of the viral envelope participate in the absorption 
and penetration of the virus by fusion with the cell 
membrane. The interaction is highly specific (Delarco and 
Todaro, 1976). Following uncoating of the virus, the 
virion-coded DNA polymerase contained in the viral core 
synthesizes a linear, double-stranded DNA copy of the viral 
RNA genome (Temin, 1971). The viral DNA structure then 
migrates to the cell nucleus where it is circularized and is 
integrated into the cellular DNA genome (Hill et al., 1974).
Evidence suggests this integration is necessary for viral 
replication (Guntaka et al., 1975). Subsequently, synthesis
of viral RNA occurs in the nucleus (Parsons et al-, 1973). 
This is facilitated by promotor sequences encoded in the 
viral DNA (Gorman et al., 1982). Cellular components are 
probably responsible for these viral transcriptional events 
in the nucleus. This results in the manufacture of viral 
messenger RNAs coding for viral components and the viral RNA 
genome which becomes encapsidated into the progeny virions. 
Post-translational modification also occurs with these viral 
proteins. The precursor polypeptides are both proteolyti- 
cally cleaved (Eisenman and Vogt, 1978) and phosphory lated 
(Lai, 1976). Finally the viral core is assembled in the 
cytoplasm and acquires an envelope by budding through the 
plasma membrane of the host cell.
Physical Properties of the Reverse Transcriptase
The reverse transcriptase (pol gene product) (Baltimore, 
1970; Temin and Mizutani, 1970) is the enzyme responsible 
for transcribing the single-stranded RNA into a double­
stranded DNA form. Purified avian retrovirus reverse tran­
scriptase is composed of two subunits (Kacian et al, 1971); 
the Of-subunit (m^=62,000) is a proteolytic breakdown product 
of the jS-subunit (m^ = 92,000) (Grandgenett et al., 19 73; Rho
et al., 1975). Three enzymatically active forms have been 
isolated: Of, Ot/Sand Reverse transcriptase, similar to
other polymerases, contains 1 to 2  g-atoms of bound zinc per 
mole of enzyme (Auld et al., 1974).
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Activities Associated with Reverse Transcriptase
Purified reverse transcriptase possesses both synthetic 
and nucleolytic activities. Synthetically it functions in 
both RNA and DNA-directed DNA polymerization (Spiege1 man and 
Kacian, 1971). Incorporation begins at a 3'-hydroxy1 
terminus of an RNA or DNA primer that is base-paired to an 
RNA or DNA template (Baltimore and Smoler, 1971). While in 
the virion the primer has proven to be one tRNA molecule per 
35S subunit (Harada et al., 1975) which is hydrogen-bonded 
near the 5'-terminus (Taylor and I1Imensee, 1975).
Reverse transcriptase degradative function is exempli­
fied by its ribonuclease H (RNase H) activity (Moelling et 
al., 1971) which degrades the RNA moiety of an RNA'DNA 
hybrid procèssively (Leis et al., 1973; Grandgenett and 
Green, 1974) in either a 5 ' to 3 ' or 3 ' to 5 ' direction 
(Leis et al., 1973). The resultant production of oligoribo-
nucleotides, varying in length from 2 to 30 residues 
(Baltimore and Smoler, 1972), possess 3'-OH and 5'-PO^ 
termini (Baltimore and Smoler, 1972). Furthermore, this 
function is accomplished in an exoribonucleolytic manner 
(Keller and Crouch, 1972) meaning that the enzyme requires a 
free end. RNase H's role in reverse transcription is 
essential in that it has been found to be involved in the 
release of the poly (A) tail (Olsen, 1982), and the 
mechanism of the first jump (Collet et al., 1978a). It also
dégradées the 35S RNA template genome during minus strand 
synthesis leaving small RNA moieties (Olsen and Watson,
1982) which may act as primers for ( + ) DNA strand synthesis 
(Watson, et al., 1979; Olsen and Watson, 1980).
Other enzymatic activities associated with reverse tran­
scriptase include pyrophosphorolysis and pyrophosphate 
exchange (Seal and Loeb, 1976), and unwindase-1ike activity 
(Collett et al., 1978b), and a Mn'*”*’-activated endo­
nucleolytic activity (Golomb and Grandgenett, 1979). The 
latter activity is lacking the Of-subunit but is found in 
the 3 2,000-da1ton polypeptide chain that is cleaved from (3 
to form Of (Schiff and Grandgenet, 1978). Recent reports by 
Hizi et al. (1982) of endonucleolytic topoisomerase activity 
associated with the CKjS and forms of reverse tran­
scriptase have been refuted by Leis et al. (1983).
In Vitro Reverse Transcription
The central event in the life-cycle of the Retroviridae 
is the synthesis of double-stranded DNA forms using single­
stranded RNA as template (for a review see Coffin, 1979). 
This process, known as reverse transcription, is dependent 
on the encoded RNA-directed DNA polymerase (reverse 
transcriptase) residing in the virion. From the study of 
reconstructed reactions using purified reverse transcriptase 
and the 35S RNA, our laboratory and others have defined 
specific sequential events involved in the mechanism of 
reverse transcription (Figure 1). The priming event occurs 
at the 3'-OH terminus of a cellular RNA species which is 
hydrogen-bonded near the 5'-terminus of the viral RNA 
subunit (Staskus et al., 1976). Specifically, in the avian
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Figure 1- A model of Reverse Transcription. (a) Structural 
map of the avian myeloblastosis virus 358 RNA*tRNA^^P. The
gag, pol, env and one are shown. One is present in 
replication-defective strains in place of env. U 5  and U 3  
denote sequences unique to the 5* and 3* ends of the RNA 
genome. R represents the short terminal redundancy. The 
tRNA^^P is shown bound near the 5' end of the RNA. The 
above situation represents the case found at t^e initiation 
of {-) strand DNA. (b) Manufacture of cDNA^i . (c)
Degradation of R leads to the first transcriptional jump.
(d) Elongation of (-) DNA to genome length; release of the 
nontranscribed poly (A) tail. (e) RNase H degradation of 
the RNA template leaving primers for the initiation of (+) 
DNA. (f) The second transcriptional jump. (g) Unintegrated 
double-stranded linear DNA with long terminal repeats 
present after completion of (+) DNA synthesis and ligation 
of fragments. (h) double stranded circular viral RNA. (i)
Integrated viral DNA. Events a through e will be examined 
in this study.
system, this is t-RNA^^P (Harada et al., 1975). Previous 
studies involving nearest neighbor analysis of the 5'- 
termini of the nascent DNA transcripts of AMV have shown a 
single heptanucleotide was manufactured (Eiden et al.,
19 75). This short polynucleotide was generated by the 
addition of cytosine-/8 -D-arabinoside for 2'-deoxycytidine- 
5'-triphosphate in the 4dNTP mix (Taylor et al., 1974; 
Friedrich and Moelling, 1979). This denotes the specificity 
of both the primer binding site and the initiation event 
(see Initiation Assay in Methods Section). The reverse 
transcriptase reads to the 5'-end of the RNA with con­
comitant production of cDNAg^^ hybrid exposing a free seg­
ment of cDNAg9  ̂ and permitting elongation to continue with 
the first jump (Collett et al., 1978a). If the jump is not 
made, the reverse transcriptase may double-back synthesizing 
a DNA copy of cDNA^^^ resulting in an intramolecular hairpin 
or snapback structure hydrogen-bonded to itself (Collett and 
Faras, 1978). Alternatively, the newly synthesized DNA 
complement of the 5'-RNA terminal redundancy anneals with 
the redundant sequence at the 3'-end of the RNA and elonga­
tion of the (-) DNA strand occurs (Shine et al., 1977) (see 
Early Products and Full Length (-) Assays in Methods 
Section). The accomplishment of the transcriptional jump 
creates an RNA "DNA hybrid. The hybrid, once formed, can act 
as a substrate for the RNase H activity of the reverse 
transcriptase resulting in the clipping of the poly (A) tail 
near its 5'-end. Therefore, the synthesis of DNA is a
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prerequisite to the release of the poly (A) tail (Olsen, 
1982) (see Poly (A) Release Assay in Methods Section). 
Further exonucleolytic RNase H activity most likely leaves 
short RNA fragments annealled to the newly synthesized (-) 
DNA strand which may act as primers (Moelling et al., 1971).
Indeed, 5'-RNA termini have been observed on ( + ) DNA (Olsen 
and Watson, 1980). The (+) strand, utilizing the (-) DNA 
strand as template (Coffin, 1979), is probably synthesized 
discontinuously (Watson et al., 1979), since only fragmented 
(+) DNA has been observed in reconstructed reactions and in 
vivo (Varmus et al, 1978). Plus strand synthesis begins 
before completion of genome-length (-) strand DNA with (+) 
DNA 3 QQ and (+) DNA 4 QQ being predominant early species 
generated (see (+) Strand Blot Assay in Methods Section). 
These two species contain sequences of the 5* and 3' 
terminal regions of the viral RNA and must, therefore, be 
copied from the 5'-region of the nascent (-) DNA strands 
(Olsen & Watson, 1982). Specific events in the latter part 
of the reverse transcription process have not been fully 
characterized. Structural similarities in the jji vivo and 
in vitro final products have led to speculation about the 
final steps (Coffin, 1979).
REGULATION OF REVERSE TRANSCRIPTION
Protein Phosphorylation: General Aspects
There are 125 kinds of post-translational modifications 
of proteins that have been documented (Uy & Wold, 1977).
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However, in only a few cases are these changes actually 
reversible. A general form of modification for those 
proteins acting enzymatically is the covalent bonding of 
substrate in the short-lived enzyme-substrate complexes. 
Omitting this, six other reversible modifications have been 
noted: acétylation, adénylation, breaking and reformation
of sulfhydryl bridges, uridylation, méthylation and, more 
specifically for this investigation, phosphorylation (for a 
review, see Krebs and Beavo, 1979).
The reversible nature of the phosphate covalent bond 
makes this modification attractive for studying the covalent 
modification of proteins and the enzymes that bring this 
about, the phosphatases and the protein kinases. Amino acid 
moieties that can be esterified in phosphorylation include 
serine, threonine and tyrosine (Wold, 1981).
Involvement in Regulation of Activity
Evidence for the involvement of phosphorylation in the 
regulation of enzyme activity has been accumulating since 
the mid-1950's (Greengard, 1978). An early example is 
glycogen metabolism where phosphorylase b is modified to the 
more active phosphorylase a form (Fisher & Krebs, 1955).
The enzyme responsible for this modification was found to be 
a eyelic-AMP-dependent protein kinase. Other studies have 
expanded phosphorylation to the regulation of ion transport 
across membranes (Greengard, 1976) and the actin-myosin 
interaction (Weber & Murray, 1973). The activities of other
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enzymes are also markedly altered by the phosphorylation- 
déphosphorylation reaction (Krebs & Beavo, 1979).
Even more central to cell function, protein 
phosphorylation has been shown to be involved in the 
regulation of gene expression. Proteins responsible for DNA 
replication (Gurley et al., 1974) and gene expression
(Kleinsmith, 1975) may have their activities modulated by 
the addition or removal of phosphate. Danse et al. (1981) 
reported that DNA polymerase-CK could be activated by an 
endogenous kinase of chick embryo. The polymerase activity 
of calf thymus RNA polymerase II was stimulated in cell-free 
systems by both cAMP-dependent and cAMP-independent protein 
kinases (Kranias et al., 1977; Kranias & Jungman, 1978).
The phosphorylation event in both cases was found to occur 
on the 25,000 dal ton subunit. A further example was an RNA 
polymerase isolated from Morris hepatoma cells that was 
activated when incubated with a cyclic-nucleotide- 
independent heparin-sensitive nuclear protein kinase 
purified from the same source (Duceman et al-, 1982).
Protein kinases are also known to occur and have been 
isolated from a number of enveloped animal viruses. (Strand 
and August, 1971; Gravel and Cromenas, 1972; Hantanaka et 
al., 1972; Randall et al., 1972; Rubinstein et al., 1972; 
Imblum and Wagner, 1974; Roux and Kolakofsky, 1974; Tan and
Sokol, 1974; Kleiman and Moss, 1975; Lee et al., 1975; Tan,
1975; Silberstein and August, 1976; Houts et al., 1978;
Rosok and Watson, 1979). Protein phosphorylation has been
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implicated in the transformation of cells to the cancerous 
state by members of the Retroviridae (Brugge & Erikson, 
1977). It has been demonstrated that the transforming gene 
product one for several oncogenic retroviruses is a 
phosphoprotein (Hynes, 1980) with associated tyrosine- 
specific protein kinase activity (Hunter and Sefton, 1980). 
Furthermore, other retrovirus-coded proteins have been 
identified as phosphoproteins by ^^PO^-labeling in cell 
culture virus production (Lai, 1976). This, however, does 
not exclude the possibility that protein kinase activity of 
the retrovirus is involved in other functions such as 
replication processes, integration and other cellular and 
viral function.
Reverse Transcriptase Is A Phosphoprotein
The first evidence that the reverse transcriptase from a 
retrovirus was a phosphoprotein was noted by Lee et al. 
(1975). Hizi and Joklik have added that the site of 
phosphorylation of ASV (B77) reverse transcriptase is on the 
jS-subunit (Hizi & Joklik, 1977). This observation was 
confirmed by Schiff and Grandgenett who showed that the 
breakdown product of ,p32, was phosphorylated and the 
tryptic digests of labeled yS and p32 are similar (Schiff and 
Grandgenett, 1980). It has been noted that the presence of 
inorganic phosphate during the isolation procedures of 
reverse transcriptase provides for a greater yield and 
stability of activity of the enzyme (Tsiapalis, et al.,
1976), possibly inhibiting phosphatase present in the
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virion. Furthermore, it has also been reported that reverse 
transcriptase activity may be influenced by the degree of 
phosphorylation of the enzyme (Lee et al., 1975), however, 
nothing is presently known regarding the role of phosphory­
lation in reverse transcriptase function.
Experimental Design
Previous investigations dealing with eukaryotic, 
prokaryotic and viral DNA and RNA polymerization enzymes 
have attempted to demonstrate the involvement of covalently 
bound phosphate in the regulation of enzyme activity.
Various methods have been used to establish this connection. 
Two most widely used methods have been to either depho- 
phorylate or phosphorylate the enzyme in question and look 
for some functional effect. The latter approach has been 
used in some cases (Danse et al., 1981; Duceman et al.,
1981; Stetler and Rose, 1982) but not always with success 
(Dahmus, 1981; Breant et al., 1983). The relative pho­
sphory la ted state of the treated versus isolated enzymes may 
be important. In the case of reverse transcriptase the 
phosphory la ted state has been established (Lee et al., 1975) 
and jji vitro phosphorylation has been performed with some 
success (Rokutanda at al., 1979). Additional phosphoryla­
tion, though, may have led to a less comparative study in 
the last case. It was for this reason that this study was 
based upon the dephosphorylation approach.
The dephosphorylation method has been applied to the 
polymerase isolated from vesicular stomatitis virus (Hsu et
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al., 1982) and reverse transcriptase (Lee et al., 1975; 
Tsiapalis et al., 1976). In the former study alkaline 
phosphatase was used to dephosphorylate the VSV polymerase. 
Additionally, before studying the transcriptive properties 
of the treated enzyme, removal of unwanted alkaline phospha­
tase activity was accomplished by centrifugation of the 
phosphate-polymerase mixture using glycerol velocity 
sedimentation gradients. The results showed a decrease in 
the polymerase activity of the enzyme but no study of 
specific reaction products was attempted.
Lee, et al., (1975) isolated reverse transcriptase and 
subjected it first to treatment with kinase prior to a 
dephosphorylation step- Dephosphorylation showed a reduc­
tion in enzyme activity but again no specific polymerization 
events were studied. Inorganic phosphate was used as an 
inhibitor of alkaline phosphatase.
Finally, Tsiapalis et al., (1976) isolated reverse tran­
scriptase in a nonphosphate buffer and observed a decrease 
of enzymatic activity. Kinetic analysis of this low 
activity enzyme preparation treated with endogenous kinase 
showed a two-fold increase in activity. Likewise, kinetic 
analysis of alkaline phosphatase treated enzyme showed a 
decrease in activity versus control reaction containing 
boiled alkaline phosphatase. No examination of the specific 
events of reverse transcription were performed.
Purpose of Study
Since it is established that reverse transcriptase is a
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phosphoprotein and fully functional as isolated from 
virions, I proposed to examine the in vitro properties of 
phosphatase-modified and unmodified enzyme in retrovirus 
RNA-directed DNA synthesis. As early events in reverse 
transcription are undoubtedly crucial to formation of the 
proviral DNA and these events have been reconstructed, I 
proposed to study those specific, early events in recon­
structed reactions containing purified modified/unmodified 
reverse transcriptase and 35S RNA. These events consist of 
initiation at tRNA^^P, the first jump, poly (A) release, 
cDNA synthesis of full-length (-) DNA and strong stop (+) 
DNA. From this study I hoped to determine if phosphoryla­
tion of the reverse transcriptase is important for its 
enzymatic functioning in the early steps of reverse 
transcription.
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CHAPTER II 
MATERIALS AND METHODS 
MateriaIs
All chemicals were of the highest purity available. 
Water used for reagents was deionized and double distilled. 
Wherever possible reagents were filtered through nitro­
cellulose membrane filters (0.45um). The pH of all buffers 
was adjusted at 20®C. Glassware, spatulas and teflon stir 
bars were baked at 225®C. for at least 2 hrs.
Formamide and TEMED (N,N,N*,N*-tetramethylethylene- 
diamine) were purchased from Aldrich Chemical Company, Inc. 
Lanthanum acetate from Alfa Products. Glycerol, phenol, 
toluene and cellulose thin layer plates (Baker-flex) were 
purchased from J. T. Baker Chemical Company. Agarose (Gel- 
Electrophoresis Grade) was purchased from Bethesda Research 
Laboratories. Aerylamide, methylene-bis-acrylamide, and AG 
501-X8 mixed bed ion exchange resin (20-50 mesh) were 
obtained from Bio-Rad Laboratories. Benzoylated DEAE- 
cellulose and nuclease—free BSA were purchased from 
Boehringer Mannehim Biochemicals. Polyadenylic acid 
(poly [A] ) , oligothymidylic acid (oligo [dT]j^2-i8^' oligo 
(dT)-cellulose (Type 3) were obtained from Collaborative 
Research, Inc. Xylene cyanole FF, 8 -hydroxyquinoline, were 
purchased from Eastman Kodak Chemical Company. Bis-MSB (p- 
bis-[O-methylstryl]-benzene) was obtained from ICN Chemical
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& Radioisotope Division. Sodium dodecyl sulfate was 
purchased from Mailinckrodt. Hind Ill-digested lambda DNA 
and Hae III-digested 0X-174 phage DNA were purchased from 
New England Biolabs. Y - - a d e n o s i n e  5'-triphosphate 
(Y_ [ j 3000 Ci/mmol), METHYL-[^H]-deoxythymidine
5'triphosphate ([^H]dTTP; 50-80 Ci/mmol) and 5,5'-[^H]- 
Deoxycytidine 5'-triphosphate ([^HjdCTP; 50 Ci/mmol) were 
obtained from New England Nuclear. Carboxymethyl (CM)- 
Sephadex C-50 and G-50 Sephadex were obtained from Pharmacia 
Fine Chemicals. Unlabelled deoxyribonucleoside 
5-'triphosphates and ribonucleoside 5'triphosphates, poly- 
deoxythmidylie and polydeoxyadenylie acids, polynucleotide 
kinase (minimal nuclease grade) were purchased from P-L 
Biochemicals, Incorporated. Nitrocellulose filters (BA85, 
0.45 uM) were obtained from Schleicher and Schuell, Inc.
Urea and ammonium sulfate were purchased from Schwartz Mann. 
Dithiothreitol, bromophenol blue, calf thymus DNA (Type I), 
Pipes (piperazine - N,N'-bis 2-ethane sulfonic acid), 
hexahydropiperidine. Tris (trizma base; Tris (hydroxymethyl 
amino-methane), 2,5 - diphenyloxazole (PPO) , actinomycin D,
dextran sulfate, crude (%-amylase powder from Aspergi1lus 
oryzae, p-nitrophenylphosphate, bovine alkaline phosphatase, 
diethylpyrocarbonate, polyvinyIpyrroliodone (PVP-360), yeast 
RNA (Type X), Ficoll (Type 400), N - (3-nitrobenzyloxymethy1)- 
pyridinium chloride were obtained from Sigma Chemical 
Company. Diethylaminoethy1 cellulose, DE-81 cellulose 
filters and P-11 phosphoce1lulose were purchased from
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Whatman Chemical Separation Ltd.
METHODS
Purification of Avian Myeloblastosis Virus
AMV (BAI strain A) was purified as described by Rosok 
and Watson (1979) from leukemic chick plasma (see Houts et 
al., [1979] for details of virus propagation) supplied 
through the Office of Program Resources and Logistics, Virus 
Cancer Program, National Cancer Institute, Bethesda,
Maryland.
AMV reverse transcriptase was purified essentially as 
described by Kacian et al., (1972), through the ammonium
sulfate precipitation step- After ammonium sulfate 
precipitation for 2 hrs by addition of solid (NH^)2 ^0  ̂
(neutralized) up to 70% of saturation at 4°C, the solution 
was centrifuged for 30 min at 20,000 x g. The resulting 
pellet of reverse transcriptase was dissolved either in a 
solution containing 0.3 M KPO4  (pH 8.0) and 10 mM DTT or 50 
mM Tris-HCl (pH 8.2), 0.2 M KCl and 10 mM DTT. The 
solutions were centrifuged through 12 ml 10-30% (v/v) 
glycerol gradients containing, respectively, 0.3 M KPO4 (pH 
8.0) and 10 mM DTT or 50 mM Tris-HCl (pH 8.2), 0.2 M KCl and 
10 mM DTT for 45 hrs in an SW" 41 rotor at 40,000 rpm and 
2°C. Fractions were collected and assayed as described 
below. Active fractions were pooled and stored at -20®C 
after the addition of an equal volume of 1 0 0 % glycerol and 
DTT to a final concentration of 10 mM. Pools stored and
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isolated in a non-phosphate buffer system were used in 
reactions involving alkaline phosphatase.
Isolation of Phosphate-Free Reverse Transcriptase by Column 
Chromatography with P-11
The OL0 holoenzyme form of reverse transcriptase stored 
in non-phosphate buffer could also be derived from stocks of 
phosphate-buffered reverse transcriptase by adapting the 
phosphocellulose (P-11) column chromatography method of 
Grandgenett et al. (1973).
Prior to chromatography, purified ocfi (approximately 2 
ml) was diluted with 4 ml of a chilled solution containing 
5mM DTT. The enzyme was applied to a 0.9 x 1.0 cm P-11 
column, previously equilibrated with 50 mM KPO^ (pH 7.2), 5 
mM DTT and 10% (v/v) glycerol. The column was washed 
briefly ( 1  volume) with the same buffer and any eC-subunit was 
eluted by washing with a solution containing 0.15 M KPO^ (pH
7.2), 5 mM DTT and 10% (v/v) glycerol. Contaminating KPO^
was washed from the column by the addition of 1 0  column 
volumes of a solution containing 50 mM Tris-HCl (pH 7.2), 
0.095 M KCl, 5 mM DTT and 10% (v/v) glycerol. oLfi was eluted
from the column by application of a solution containing 50 
mM Tris-HCl (pH 7.2), 0.575 M KCl, 5 mM DTT and 10% (v/v) 
glycerol. One quarter ml fractions were collected and 
assayed as described below. Active fractions were pooled 
and stored at -20®C after the addition of an equal volume of 
100% glycerol, DTT to a final concentration of 10 mM and 20 
mg/ml BSA (bovine serum albumin) to a final concentration of
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0.02 m g / m l .
Nucleic Acid Purification
SDS-phenol extraction - Proteins were removed from 
solutions containing nucleic acids by modifications of the 
extraction procedure of Brawerman (1974) at room 
temperature. If necessary, samples of high protein content 
were diluted first with extraction buffer consisting of 1 0  
mM Tris-HCl (pH 8 .8 ), 0.1 M NaCl, and 5 mM EDTA to a final
concentration of no greater than 100 A 2 5 0  units/ml. General 
reverse transcriptase reactions had one tenth volume of both 
0.2 M /EDTA and 10% (v/v) SDS added to them, followed by an
equal volume of redistilled phenol containing 0 .1 % (w/v) 8 -
OH quinoline which had previously been equilibrated with 
extraction buffer. The mixture was agitated and then 
centrifuged to separate the aqueous and organic phases. The 
aqueous phase minus the interface was pipetted off and re­
extracted with fresh phenol. Phenol phases were pooled and 
extracted two times with one-half volume extraction buffer. 
The aqueous phases were pooled and nucleic acids were 
precipitated by addition of one-tenth volume of 4 M NaCl and
2.5 volumes 100% ethanol. Overnite precipitation was 
performed at -20®C. Shorter time periods (30 min), when 
necessary, could be achieved at -70°C. Nucleic acids were 
collected by centrifugation at 20,000 x g for 30 minutes at 
4°C. Contaminating traces of SDS or phenol were removed 
prior to addition of reverse transcriptase by washing the 
pellet with a solution containing 70% (w/v) ethanol and 40
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mM NaCl chilled at -20®C.
Oligo d (T)-cellulose chromatography - Viral RNA was 
subpooled into poly (A) (poly [A]-containing) and poly (A)“ 
(poly [A]-missing) pools, thus establishing the presence of 
the 3'-end of the viral genome, by utilizing the method of 
oligo (dT)-cellulose chromatography as outlined by Aviv &
Leder (1972) and Bantle et al., (1976). RNA containing poly 
(A) sequences was bound in a buffer containing 10 mM Tris- 
HCl (pH 7.4), 0.5 M NaCl, 5 mM EDTA and 0.2% (w/v) SDS.
Bound poly (A) RNA was eluted with a solution containing 10 
mM Tris-HCl (pH 7.4), 5 mM EDTA and 0.2% (w/v) SDS.
Isolation of Viral 60S RNA - As described above in the 
preparation of reverse transcriptase, a 2 0 , 0 0 0  x g pellet is 
obtained leaving the viral proteins in solution. This 
pellet contained the 60S genome of AMV and was SDS-phenol 
extracted and layered onto 10-30% (v/v) glycerol gradients
containing 10 mM Tris-HCl (pH 7.4) , 40 mM LiCl, 5 mM EDTA and 
0.2% (w/v) SDS. Centrifugation was done in an SW 27 rotor
at 4°C for 3.75 hr at 26,000 rpm. Peak fractions were 
pooled and precipitated by adding one-tenth volume 4 M NaCl 
and two volumes 100% ethanol at -20®C. Aliquots of this 
stock RNA could be obtained by centrifugation at 20,000 x g 
for 30 min at 2®C.
Purification of 35S RNA"tRNA^^P and Subgenomic RNA 
Fragments - Pelleted stock 60S RNA was dissolved in oligo 
(dT) cellulose chromatography elution buffer and heated for 
5  min at 60®C, quick cooled, and made 0.5 M in NaCl. The
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solution was then applied to an oligo-(dT) cellulose column 
and the RNA was fractionated into poly (A) ̂  and poly (A)~ 
pools. Poly (A)'*' RNA was reapplied to the column after 
heating. Twice chromatographed poly (A)'*’ viral RNA was then 
centrifuged through 10-30% (w/v) glycerol density gradients 
containing 10 mM Tris-HCl (pH 7.4) , 0.04 M LiCl, 5 mM EDTA
and 0.2% (w/v) SDS on a SW41 rotor at 20®C for 5 hrs at 
40,000 RPM. Peak fractions were pooled and the viral RNA 
was precipitated as described above.
Prior to use in 358 RNA'tRNA^^P directed (tem­
plate "primer ) reverse transcription reactions, aliquots of 
viral RNA were pelleted as above and washed with a solution 
containing 70% (w/v) ethanol and 40 mM NaCl. After recen­
trifugation for 10-15 min the RNA was dissolved in a solu­
tion containing 10 mM Tris-HCl (pH 7.4), 0.04 M NaCl and 0.1
mM EDTA. 288 poly (A)” RNA"tRNA^^P was purified from the 
poly (A)“ pool of 63®C heated 608 RNA by centrifugation as 
described above.
Reverse Transcriptase Reactions
Poly (A)"oligo (dT)^o-lQ Template"Primer - 
Template "primer used in reactions was prepared by mixing 
poly (A) with oligo (dT)1 2 -I 8  ^ final concentration of
100 ug/ml and 20 ug/ml, respectively, in a solution con­
taining 10 mM Tris-HCl (pH 7.4) , 100 mM NaCl, 1 mM EDTA.
Prior to annealing at 25®C for 30 min the solution was 
heated to 97®C for 90 sec.
Standard reaction (25ul) solutions contained 50 mM Tris-
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HCl (pH 8.2), 0.04 M NaCl, 8 mM MgCl g 10 mM DTT, 0.1 mM 
[ H]dTTP (specific activity 50-1500 cpm/pmol) and 6  ug/ml 
poly (A)-oligo (dT)
Reactions were incubated at 37®C and terminated by 
applying the reaction onto DE81 filters. Unincorporated 
[^HjdTTP was solubilized by washing 6x4 min in 5% NaPO^ 
(Dibasic) (Blatti et a l 1970). The filters with the bound 
DNA strands were dried and placed in a scintilation fluid 
containing 0.39 (w/v) PPO, 0.008% (w/v) bis-MSB, 0.35% (v/v)
H 2 O and 2.5% (v/v) NCS Tissue Solubilizer. Any synthesis of
DNA was measured using a Beckman LS-230 Liquid Scintillation 
Counter. The amount of enzyme required to incorporate 1 mol 
of [^HJTMP per min in the above reactions was defined as one 
unit of DNA polymerase activity. Reverse transcriptase 
isolated from virions as described above normally possessed 
a specific activity of approximately 1500 units per ug 
enzyme protein (Rosok, 1977).
35S RNA"tRNA^^P as template * primer - Standard reactions 
contained: 50 rnM Tris-HCl (pH 8.2); 5 mM MgCl 2 ? 14 mM DTT;
100 ug/ml BSA; 0.2 mM each of dATP, dCPT, dGTP and dTTP; 50- 
500 uCi/ml [^HjdCTP (40-60 Ci/mMol); 25 ug/ml 35S 
RNA'tRNA^^P and saturating levels of reverse transcriptase. 
The usual order of addition of reagents was 35S, M/100
(diluent), DTT, BSA, reverse transcriptase, 0.1 unit of 
bovine alkaline phosphatase for tests (KPO^ then alkaline 
phosphatase for controls), KPO4 , basal mixture, and 4dNTP 
mix. Reactions were incubated in a room temperature
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waterbath for 2.5 min with the first six above listed 
components before addition of the last three. NaCl was 
added via the basal mixture to achieve a final concentration 
of 148 mM in monovalent cation. Saturating amounts of 
enzyme were used.
Assays for the Specific Events of Reverse Transcription
Initiation - The initiation step was studied by the 
substitution of cytosine-^-D-arabinoside for dCTP in the 
4dNTP mix. dCTP is incorporated in the eighth position after 
initiation of the (-) strand (Friedrich and Moelling. 1979). 
DNA products were purified by gel exclusion using G-50 
Sephadex (Aviv and Leder, 1972) and the presence of the 
small DNA fragment was sought by 7 M Urea, 20% polyacrylamide 
sequencing gel electrophoresis (Maniatis et al., 1975;
Sawyer and Dahlberg, 1973). Quantitative comparison of 
treated and untreated reverse transcriptase in initiation 
was measured by the amount of [ P]-dAMP incorporated into 
DNA fragments covalently linked to t-RNA^^P.
Early (-) DNA Products - Timed reconstructed reactions 
were performed with samples removed at 1, 2.5, 5, 10, 15, 
and 20 minutes. Samples, once purified (Aviv and Leder, 
1972), were fractionated by electrophoresis on 7 M urea, 4.8% 
polyacrylamide gels (Maniatis et al., 1975; Sawyer and 
Dahlberg, 1973).
Poly (A) Release - A system consisting of 35S 
RNA'tRNA^^P was used to study poly (A) release. In this 
method reactions were fractionated in a 10-30% glycerol
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density gradient. The released poly (A) was assayed for in 
the gradient by annealing with [̂ H]-poly(dT) (Olsen, 1982).
Strong Stop ( + ) 300 and ( + ) 400 - These species were 
detected in reaction products by hybridization (Alwine et 
al., 1977; Wahl et al., 1979) to DNA probes (Friedrich et 
al., 1977) complementary to sequences on both ends of the 
35S genome (Olsen and Watson, 1982) by using the Southern 
blot technique.
Full Length (-) DNA - This specie was looked for on 
alkaline 1.2% agarose gels (McDonell et al., 1977) with
appropriate DNA markers as previously described (Olsen,
1982) .
Purification of Reaction Products Prior to Analysis - After 
incubation of reactions at 37®C, the polymerization was 
halted by addition of EDTA and SDS to 10 mM and 1% (w/v),
respectively. Reaction mixtures were placed on ice until 
phenol extracted as described above. Further purification 
of nucleic acid polymers was performed by G*50 Sephadex 
exclusion chromatography in 10 mM Tris-HCl (pH7.4) , 0.1 M
NaCl, 0.5 mM EDTA, and 0.05% (w/v) SDS. Fractions
corresponding to the excluded volume were concentrated by 2 - 
butanol extraction (Stafford and Biebeil, 1975) followed by 
ether extraction.
Preparation of Nucleic Acid Hybridization Probes
cDNAg9^ -[^H] DNA and [^^P] DNA specific for the 5’ - 
end of AMV RNA to be used in the construction of a model
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system and as a hybridization probe in blotting, 
respectively, were manufactured as described by Friedrich et 
al. (1977). Reactions contained: 50 mM Tris-HCl (pH 8.2);
10 mM MgCl 2 ; 0.04 mM NaCl; 10 mM DTT; 0.4 mM of dATP, dCTP 
and dGTP; 10 uM of either [^H] or [^^P] dTT; 100 ug/ul 
actinomycin D: 50-1000 ug/ul AMV 28S poly (A)” RNA from 
fragmented 60-70S RNA; and saturating amounts of reverse 
transcriptase. Reactions were incubated at 40®C for 75 min 
followed by SDS-phenol extraction and G-50 Sephadex chroma­
tography. DNA products were sized by eletrophoresis in 10% 
polyacrylamide, 98% formamide tube gels. The gels were 
sliced and product was eluted at room temperature overnight 
in the dark with 10 mM Tris-HCl (pH 7.4), 150 mM LiCl, 2 mM 
EDTA and 0.2% (w/v) SDS. The DNA specie of 175 nucleotide
length cDNA^9^"tRNA^^P) was pooled, chromatographed on G' 50 
Sephadex, concentrated by 2-butanol extraction, precipitated 
overnite, as described above, collected by centrifugation at 
20,OOOxg for 60 min at 1°C and subjected to alkaline 
hydrolysis in 0.3N NaOH and 1 mM EDTA for 18-24 hrs at 37°C. 
The solution was neutralized by the addition of 0.8 volumes 
of 0.2 M Tris base and 0.4 M acetic acid, concentrated by 
ethanol precipitation and applied to tube gels as above. 
After slicing and eluting as described above the DNA product 
(cDNA^9^) was chromatographed using G"50 Sephadex, concen­
trated by 2 -butanol extraction, and ethanol precipitated.
The c DNA^9^, at this point, was sufficiently pure to be 
either 5* end labeled with polynucleotide kinase or used as
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a probe in blot hybridization. However, if the product was 
to be used in reactions containing reverse transcriptase, 
inhibitors (aerylamides) were first removed by an ion- 
exchange chromatography on DEAE-cellulose as described by 
Smith and Birnsteil (1976).
cDNA^gp-[ cDNA representative of the entire 35S RNA 
genome was prepared by modifications of the method of Taylor 
et al., (1976). Reactions contained: 50 mM Tris-HCl (pH
8.2); 8  mM MgCl 2 ? 10 mM DTT; 0.2 mM each of dCTP, dGTP and 
dTTP; 0.04 mM of [^^P] dATP; 100 ug/ul actinomycin D; 800- 
1000 ug/ul calf thymus DNA primers (Taylor et al., 1976);
100 ug/ml AMV 60S RNA; and saturating amounts of AMV reverse 
transcriptase. The reaction was incubated at 37®C for 3 hr 
and was then phenol extracted, alkaline hydrolyzed and 
chromatographed on G"50 Sephadex.
cDNA^i-[ ̂ ^P] DNA specific for the 3 '-end of AMV RNA was 
synthesized and purified essentially as described by Tal et 
al., (1977). Reaction mixtures contained: 50 mM Tris-HCl 
(pH 8.2); 10 mM MgC 1 2  ; 0.04 M NaCl; 10 mM DTT; 0.4 mM each 
dCTP, dGTP and dTTP; 10 um [̂ ^P]dATP; 100 ug/ml actinomycin 
D; 50 ug/ml 8 -lOS poly (A)'*’ RNA fragments, 4 ug/ml oligo 
(dT)1 2 - 1 8 ? and saturating levels of reverse transcriptase. 
Reactions were incubated at 37°C for 60 min and terminated 
by the addition of SDS and EDTA to 1% and 10 mM, respec­
tively. The reaction was then denatured by heating in a 
boiling H 2 O bath for 5 min and annealed to a 1.25 mass 
excess of poly (A) over the original viral RNA template in
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0,5 M NaCl for 5 min at 47®C followed by a 10 min incubation 
at room temperature. The reaction product was then passed 
twice through an oligo (dT)- cellulose column as described 
above. The material that bound to the column via the poly 
(A) "bridge" was pooled and subjected to alkaline hydrolysis 
Poly(dT) - I^HPoly(dT) was synthesized in a 1 ml 
reaction containing: 50 mM Tris-HCl (pH 8.2); 10 mM MgCl 2 ;
10 mM DTT; 40 mM NaCl; 40 ug/ml poly (rA) ; 1 ug/ml oligo 
(dT)i2 _i 8 ; and saturating amounts of reverse transcriptase. 
The reaction was run at 37®C for 1 hr and was then phenol 
extracted followed by alkaline hydrolysis overnight. After 
neutralization the product was purified via gel filtration 
on G"50 Sephadex. Peak fractions were stored in filtration 
buffer at -70®C.
Detection of Poly (A) by Hybridization with [^H Poly (dT) 
Hybridization of Poly (A) with [^H] poly (dT) was 
performed in 50 ul reactions containing 10 mM Pipes (pH 
6.5), 0.6 M NaCl, 2 mM EDTA and at least a 3-fold excess of 
[^H] poly (dT) over poly (A) at 47°C for 30 min.
Unhybridized [^H] poly (dT) was digested by the addition of 
50 ul of a solution containing 0.2 M Na acetate (pH 4.4), 10 
mM ZnSO^i 10 ug/ml native calf thymus DNA, 10 ug/ml heat 
denatured calf thymus DNA and 5 units of nuclease. 
Hydrolysis was performed at 30°C for 60 min, after which the 
reactions were spotted onto DE-81 filter discs and washed as 
described by Blatti et al., (1970).
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Déphosphorylation and 5'-End Labeling of Nucleic Acids 
RNA or DNA 5' termini to be labeled were first 
dephosphorylated in 45 ul reactions containing 10 mM Tris 
(pH 8.1), and 0.45 units of E. coli alkaline phosphatase per 
microgram of nucleic acid for 30 min at 37®C. Following 
incubation, 5 ul of 60 mM KPO^ (pH 7.2) was added to inhibit 
any alkaline phosphatase activity. 30 pmol Y - [ ATP 
( 2000 Ci/mMol) and 0.5-2.5 units of polynucleotide kinase were 
added and the reaction was then made 5 mM in Tris-HCl (pH 
8.7), 5 mM MgCl 2 ' 10 mM DTT, and 1 mM in spermidine. The
reaction was phenol extracted after an incubation of 35 min 
at 37°C (Chaconas and Van deSande, 1980). The products were 
then applied to a G-50 Sephadex column and butanol 
concentrated. Storage was in a 50:50 mixture of ethanol if 
flash-evaporation was the recovery mode or with 3 volumes of 
ethanol and one-tenth volume 4 M NaCl if precipitation was 
desired.
Gel Electrophoresis
Polyacrylamide gel electrophoresis was performed as 
described by Maniatis et al., (1975) with 98% formamide and 
7 M urea as dénaturants. 4.8% polyacrylamide-7 M urea gels 
were run at 12 mA constant currect for 2.8 hr. Sample 
preparation for urea gels included heating of sample in a 
solution of 95% (v/v) formamide, 0.01% (w/v) bromophenol
blue, and 0.01% (w/v) xylene cyanole FF for 90 sec and quick
cooling in a saline ice bath. Sarkosyl (0.5%) was also 
added to the sample buffer in the case of formamide gels.
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Fractionation of the eight base initiation fragment was 
performed by electrophoresis in 25 cm long 20% aerylamide-7 M 
urea gel run for 4.5 hr at 800 volts, constant voltage.
Alkaline agarose gels (3mm thick) were performed on a 
horizontal gel apparatus as described by McDowell et al., 
(1977). Electrophoresis was accomplished with the gel 
submerged in a reservoir buffer containing 30 mM NaOH, 2mM 
EDTA. Samples were dissolved in the same buffer with the 
addition of 2 0 % (v/v) glycerol and 0 .1 % (w/v) of both
bromophenol blue and xylene cyanol FF dyes. Samples were 
heated at 37®C for 5 min prior to loading.
Fluorography and Autoradiography
Fluorography of polyacrylamide gels was performed after 
fixing of the gel for one half hour in a solution of 1 % 
lanthanum acetate and 1% acetic acid. After fixing, the gel 
was dehydrated by submersion in 1 0  volumes of glacial acetic 
acid for 10 min at room temperature. The gel was then 
soaked in 4 volumes of a 22% (w/v) solution of 1,5 
diphyloxazole (PPO) in glacial acetic acid for exactly 30 
min. The gel was finally subjected to 30 min of running 
water wash before being mounted of 3MM paper, covered with 
Saran Wrap, and dried on a slab gel dryer. The above 
procedure incorporated modifications of procedures by Bonner 
and Laskey (1974), and Laskey and Mills (1975). Gels 
processed in the above manner were exposed to hyper­
sensitized Kodak XR film at -70®C.
Gral autoradiography was performed at -70°C with the
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gel and Kodak XR film sandwiched between medical X-ray 
intensifying screens.
Transfer of DNA from Agarose Gels to Diazobenzyloxymethy1 
(DBM)-paper and Hybridization.
Preparation of NBM-paper - Nitrobenzyloxymethy1 (NBM)- 
paper was prepared by the methods of Alwin et al., (1977) 
and Wahl et al., (1979). Sized sheets of Schleicher and 
Scheull 589 paper were soaked in a solution of 0.94 mg/cm
osodium acetate, 3 mg/cm^ N-(3-nitrobenzyloxymethy1)- 
pyridinium chloride, and 0.037 ml/cm^ double-distilled H 2 O. 
The paper was then dried at 60®C, heated for 35 min at 
130°C, washed twice for 20 min with H 2 O followed by acetone, 
air dried and stored at 4®C in a desiccator.
DMB paper - NMB paper was reduced to amino- 
benzyloxymethy1 (ABM)-paper by a 30 min submersion at 60°C 
in 100 ml of 20% (w/v) sodium hydrosulfite. The ABM-paper 
was then washed five times rapidly with double-distilled 
water, once for 3 min with 30% (v/v) acetic acid, and then 
five times with ice-cold double-distilled H 2 O. All 
subsequent steps were performed at 4°C using chilled 
solutions. The ABM-paper was converted to the DBM-form by 
treatment with a solution containing 100 ml 1.2 M HCl, and
2 . 6  ml of a freshly prepared solution of 1 0  mg/ml NaN 0 2  for 
30 min at 4°C. The DBM-paper was .then washed 4 times 
rapidly with 4°C double-distilled H 2 O and twice for 5 min 
each with 100 ml 1 M sodium acetate (pH 4.0). The DBM-paper 
was reacted with the gel within 5-10 min.
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Transfer of DNA to DBM-paper - Just before transfer, the 
gel was washed once with ice cold water and twice for 1 0  min 
each with 300 ml 1 M sodium acetate (pH 4.0) at 4°C in a 21 
X 32 cm polyethylene tub over two 20 x 28 cm Whatman 3 MM 
papers. Excess buffer was removed, the gel was centered on the 
3MM paper, and the DBM-paper was placed on the gel. A Saran 
Wrap window was formed over which, two sheets dry Whatman 
3MM papers with dimensions slightly larger (1-2 cm) than the 
DMB-paper were placed followed by a 3-inch layer of paper 
towels, a flat piece of plywood and a 500 g weight.
Transfer was carried out overnight at 4®C.
Pretreatment and Hybridization of DNA-paper - Subsequent 
to the transfer step, the DNA-paper was washed rapidly three 
times with 100 ml of double-distilled H 2 O, once with 50 ml 
0.3 N NaOH for 60 min, rapidly three times again with 100 ml 
of double-distilled H 2 O, once with 25 ml of 0.03 M Tris (pH
7.4) for 10 min, and finally twice with 100 ml of double­
distilled H 2 O. The paper was then incubated for 1 hr at 
42®C in 10 ml of prehybridization solution which consisted 
of 50% (v/v) deionized formamide, 0.75 M NaCl, 75 mM 
trisodium citrate, 5x concentrated Denhardt's (1966)
Reagent, 0.01% (w/v) each of 0.25 g bovine serum albumin,
Ficoll 400, polyvinyl pyrrolidone, and 0.02% (v/v)
diethyIpyrocarbonate, 2.5 mM KPO 4  (pH 7.5), 250 ug/ml 
calf thymus DNA, and 10 mg/ml glycine. After 
prehybridization the liquid was decanted and 1 0  ml of 
hybridization buffer consisting of 50% formamide, 0.75 M
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NaCl, 75 mM trisodium citrate, Ix Denhardt's Reagent, 20 mM 
KPO^ (pH 7.5), 100 ug/ml calf thymus DNA, 10% (w/v) dextran 
sulfate, and 100,000 cpm [ DNA probe, was added. The 
paper was left in this solution for 16-24 hr at 42®C.
Subsequent to hybridization, the DNA-paper was washed 
three times for 10 min each at 42°C with 250 ml of 0.3 M 
NaCl, 30 mM trisodium citrate, and 0.1% (w/v) SDS and then twice 
for 15 min each with 250 ml of 15 mM NaCl, 1.5 M trisodium 
citrate, and 0.1% (w/v) SDS. The paper with DNA and
hybridized probe was then air dried and autoradiographed.
DNA-paper could be reused several times by stripping the 
probe in a 0.3 N NaOH solution followed by neutralization.
Paper could be stored at 4®C in prehybridization buffer.
Preparation of Nuclease -Free Alkaline Phosphatase
Alkaline phosphatase free of any detectable RNase 
activity was prepared by centrifugation. Stock solutions 
purchased from Sigma Chemicals (550 units/mg protein were 
centrifuged briefly to separate proteinaceous material from 
the 75% ammonium sulfate storage buffer. The buffer 
solution was removed and the precipitate (1.4 mg protein) 
was dissolved in a solution containing 40 mM Tris-HCl (pH
7.4), 0.1 mM ZnSo^, 2 mM MgCl 2 , 40 mM KCl, 5 mM DTT and 
applied to three 4.4 ml 10-30% (v/v) glycerol density
gradients containing 40 mM Tris (pH 7.4), 0.1 mM ZnSO^, 2 mM 
MgC 1 2  ' ' 4 0 mM KCl, and 5 mM DTT. The enzyme gradients were 
spun on an S W 6 0  rotor at 54,000 rpm for 22.5 hr at 0°C. 
Fractions were collected and assayed for activity by
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addition of aliquots of fractions to a solution containing 
0.001 M p-nitrophenyl phosphate and 1.0 M Tris-HCl (pH 8.0). 
The solution was mixed well and readings were taken on a 
spectrophotometer at 410 nm. One unit of activity liberates 
one uM of p-nitrophenol/min at 25°C and pH 8 . Peak 
fractions were diluted with an equal volume of 1 0 0 % (v/v) 
glycerol and stored at -20®C. Enzyme prepared and stored in 
this manner was stable for approximately 6  months.
Determination of Inorganic Phosphate
The phosphate determination was done essentially as 
described by Seaman & Edna (1968). 1 ml of a solution
consisting of 10 ml of 6 N H 2 SO 4 , 10 ml 2.5% (w/v) ammonium 
molybdate, 1 0  ml of 1 0 % (w/v) ascorbic acid and 2 0  ml H 2 O 
was added to 1 ml of sample. The solution was incubated for 
1.5-2 hr at 37®C. After cooling to room temperature 
absorbance readings at 820 nm were taken and compared to 
those obtained from a series of standards.
Preparation of [̂ ^P]-Protamine Sulfate - Standard 
reactions contained: 50 mM MgCl 2 ; 50 mM DTT; 125 mM Tris-
HCl (pH 8.2); 0.5 mM ^-[^^P-ATP]; 0.025 mg/ml protamine
sulfate; and saturating amounts of enzyme. The reaction 
mixture was incubated for 60 min at 37®C. The reaction was 
then made 30% (v/v) in trichloroacetic acid and placed on
ice for 15 min. The labeled protamine sulfate was pelleted 
by centrifugation, resuspended in 2  ml H 2 O and the pellet 
disrupted. The solution was then made 25% (v/v) in 
trichloroacetic acid, set on ice for 15 min and
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centrifuged. The pellet was twice washed with a 95% (v/v) 
ethanol, diethyl ether (1:4) mixture, set on ice for 5 min 
and pelleted by centrifugation. The pellet was dried in a 
vacuum and resuspended in 10 mM Tris-HCl (pH 8.2) and stored 
at -70®C.
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CHAPTER III 
RESULTS
Design of a Modification System
To accomplish the goal of studying the effects of phos­
phatase treatment of reverse transcriptase and a subsequent 
effect on the reverse transcription of retroviral RNA 
(Figure 1), a functional modification system was developed 
and tested. As conceived, the system involved two sequen­
tial reactions. The first (preincubâtion reaction), used 
alkaline phosphatase to dephosphorylate potentially 
available phosphoamino acid sites on the reverse transcrip­
tase. The second (polymerization reaction), involved 
testing reverse transcriptase function (post-modification) 
by the addition of components necessary for the synthesis of 
DNA products. Both reactions and reaction components were 
examined. The results from the analysis of each reaction 
are presented below.
Isolation of Phosphate-Free Reverse Transcriptase
A phosphate-free environment was required for the pre­
incubation reaction. Previously established procedures 
utilized a phosphate-containing environment during isolation 
and storage of reverse transcriptase. To avoid inhibition 
of the alkaline phosphatase in the treatment of the reverse 
transcriptase, two methods were developed as described below 
to isolate phosphate-free reverse transcriptase.
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Phophocellulose column chromatography was performed on 
previously isolated reverse transcriptase (Figure 2.) After 
binding the enzyme protein in low salt conditions followed 
by extensive washing with a non-phosphate-buffered solution 
of the same ionic strength, the enzyme was eluted at 0.575 M 
KCl and fractions were assayed for reverse transcriptase 
activity.
The second method involved a procedural modification 
during the isolation of reverse transcriptase. Subsequent 
to CM-Sephadex chromatography the reverse transcriptase was 
handled and collected exactly as described by Olsen and 
Watson (1982) except that it was solubilized in a non­
phosphate buffer solution and placed on phosphate-free 1 0 - 
30% (w/v) glycerol density gradients (Figure 3). Both pro­
cedures were judged to be adequate for recovery of active 
enzyme and nearly complete removal of phosphate (<1 mM) as 
demonstrated by colorimetric analysis (Seaman, 1968). Three 
additional procedures that failed to meet the above two 
criteria should be noted. Dialysis at 4°C of previously 
isolated reverse transcriptase stored in 150 mM KPO^ (pH
7.2) as suggested by Tsiapalis et al. (1976) resulted in a 
reduction of phosphate to 1-6 mM as determined by colori­
metric analysis (Seaman, 1968). Unfortunately, a loss of 
nearly 1 0 0 % of the enzyme activity was also observed making 
this approach unsatisfactory. A second method involved the 
use of gel exclusion (P-2) column chromatography to separate 
the enzyme from phosphate. This method also inactivated the
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Figure 2. Phosphocellulose Column Chromatography of Reverse 
Transcriptase. Previously isolated reverse transcriptase 
was applied to a column equilibrated in 50 mM KPO^ (pH 7.2). 
KPO 4  (pH 7.2) buffer (150 mM) was applied to elute 
contaminating -subunits after which a Tris HCl/KCl buffer 
of the same ionic strength was applied. A 575 mM KCl wash 
was used to elute reverse transcriptase. All fractions were 
assayed for enzyme activity using poly (rA)"oligo (dT)- 
directed reactions and DE"81 filter binding assay.
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enzyme and yielded phosphate levels of 1-6 mM. A third 
method involved the centrifugation of existing stocks of 
reverse transcriptase onto 10-30% (w/v) glycerol velocity 
gradients in a non-phosphate buffer. This provided accept­
able levels of phosphate (<0.01 mM) but due to dilution of 
enzyme activity it was judged to be unsatisfactory.
Storage of Phosphate-Free Reverse Transcriptase
In earlier studies requiring phosphate-free reverse 
transcriptase, a decrease of enzyme activity with time was 
noted during storage. Reverse transcriptase isolated by the 
above two methods (Figures 2 and 3) confirmed this behavior 
upon storage at -20°C- Therefore, it became necessary to 
provide a stabilizing substance in the storage media. 
Previous experimentation showed that bovine serum albumin 
(BSA) alleviated stability problems (Kacian et al., 1971).
It was decided, therefore, to add nuclease-free BSA to a 
final concentration of 20 ug/ml. This addition resulted in 
a ten-fold increase in long-term storage conditions as 
measured using poly (A) “oligo (dT) template'primer.
Alkaline Phosphatase: Isolation and Activity During the
Preincubâtion
Having established conditions for the isolation and 
stabilization of reverse transcriptase in a phosphate-free 
environment, attention was focused on the isolation, 
storage, stability, and properties of the second enzyme in 
the preincubation, the alkaline phosphatase. RNase activity
41
ÜJ
QdÜJCL.
CD
OCJ
60000
50000
40000
30000
20000 _
10000
4
VkAAAA A A A &AA 
20 24 28 320 a 12 16
FRACTION NUMBER
Figure 3. Velocity Sedimentation of Isolated AMV Reverse 
Transcriptase. About 2500 units of reverse transcriptase 
were centrifuged through a 12 ml 10-30% (w/v) glycerol
gradient as described in Methods. Fractions were collected 
from the bottom of the tube and assayed for reverse 
transcriptase activity using poly (rA)'oligo (dT) as 
template‘primer. A similar profile was obtained for 
gradients containing KPO^ (pH 8.0) and 10 mM DTT.
42
is prevalent in many enzyme preparations. Incubation of 
alkaline phosphatase with 5 ' - [ ] RNA showed there to be 
RNase activity present (data not shown). Therefore, to 
eliminate this contamination, aliquots of enzyme were sub­
jected to glycerol velocity sedimentation. A repeat 
analysis showed that the alkaline phosphatase derived from 
this procedure had been rendered nuclease-free. Alkaline 
phosphatase stored in 60% glycerol at -20®C was found to be 
stable for at least 6 months.
Once purified, an experiment was designed to test the 
ability of alkaline phosphatase to remove phosphate from 
protein. Protamine sulfate, labeled with [^^PO^], was util­
ized as a phosphoprotein substrate to test alkaline phospha­
tase activity. The results presented in Figure 4 indicate 
that approximately 90% of the radioactivity was released in 
3 min by 0.1 unit of alkaline phosphatase. The protamine 
sulfate substrate was present in the reaction at a concen­
tration of 0.25 mg/ml. In comparison, reverse transcriptase 
concentrations normally used in these experiments represen­
ted about 0.1 ug protein /ml. Thus the mass of reverse 
transcriptase present in a 35S viral RNA-directed DNA syn­
thesis reaction was about 2500-fold lower than the protamine 
sulfate. Finally, estimates were made on the protamine 
sulfate-linked phosphate present from the specific activity 
of the [^^PO^]. The phosphoprotein substrate was present at 
a concentration of 0.7 pmol PO^/ug protein. This corre­
sponds to a greater than 1 0 0 -fold difference above estimates
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Figure 4. Incubation of [ P ] -Labeled Protamine Sulfate 
With Alkaline Phosphatase. 0.1 units of alkaline phospha­
tase per 25 ul reaction volume were added to a solution 
containing 1 mM ZnSO^, 10 mM Tris-HCl (pH 7.4) and 0.25 
mg/ml [^^P]-protamine sulfate. 25 ul aliquots of the reac­
tion mixture were removed at indicated times and spotted on 
P-81 paper. Background counts were removed by six succes­
sive washes of H^O and the radiolabel was counted in a 
scintillation cocktail-
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made on the reverse transcriptase. This test by no means 
assures dephosphorylation of reverse transcriptase but 
suggests that sufficient alkaline phosphatase was present to 
accomplish the proposed modification.
Stability of Reverse Transcriptase During the Preincubation
After demonstrating that the alkaline phosphatase would 
perform its task in the preincubation, experiments were 
undertaken to establish how the reverse transcriptase 
activity would be affected under preincubation conditions. 
Previous data on preincubation of reverse transcriptase 
prior to establishing conditions for DNA synthesis had 
revealed an inherent stability problem. (Kacian et al., 
1971). Any instability of the reverse transcriptase during 
the obligatory preincubation step would introduce the un­
desired effect of thermal inactivation of enzyme activity.
To demonstrate the instability of reverse transcriptase, a 
poly (rA) "oligo (dT) -directed reaction was performed with and 
without a 5 min preincubation at room temperature. This 
resulted in the observation of a nine-fold decrease in the 
level of enzyme activity in the reaction with the preincu­
bation step.
As previously noted, BSA was observed to have a bene­
ficial effect of the stability of reverse transcriptase. To 
quantitate the effect of protein on the stability of reverse 
transcriptase during the preincubâtion reaction, a titration 
of BSA was performed. Mixtures of BSA and reverse 
transcriptase were allowed to remain for 2.5 min at room
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temperature before the addition of template'primer^ 
deoxynucleoside triphosphates, and a reaction buffer. The 
results shown in Figure 5 indicate that, indeed, in the 
presence of BSA there is an increase in the stability of the 
enzyme during the preincubation step. This is manifested by 
an increase in the total DNA product synthesized during the 
subsequent polymerization reaction. This effect appears to 
stabilize after the addition of BSA to a final concentration 
of 1 0 0  ug/ml.
Besides BSA, observations have been made by Benzair et 
al. (1982) and Verma (1975) demonstrating that nucleic 
acids may also contribute to the stability of reverse tran­
scriptase. In order to pursue this observation, reverse 
transcriptase was added to preincubation reactions without 
BSA. This mixture failed to produce any measurable incorp­
oration of radiolabeled nucleotide into new DNA product when 
35S RNA'tRNA^^P was used as template (Table 1). However, if 
the RNA was added to the preincubâtion reaction nearly 80% 
of the activity was preserved in comparison to the control 
reaction with no preincubation (Table 1). The 35S 
RNA'tRNA^^P template"primer, therefore, is efficient in 
stabilizing reverse transcriptase activity.
A further experiment to generalize this phenomenon to 
any temp la te "primer system was performed. Reverse tran­
scriptase (BSA free) was incubated for 2.5 min with and 
without (rA) " (dT) temp la te "primer in the pre incubât ion 
before a subsequent polymerase reaction. The results shown
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Figure 5. Effect of BSA of the Stability of Reverse 
Transcriptase During the Preincubation Step. Reverse tran­
scriptase was allowed to preincubate with increasing amounts 
of bovine serum albumin in a room temperature water bath for
2.5 min before the addition of 50 mM Tris-HCl (pH 8.2), 40
mM NaCl, 8  mM MgCl 2 , 10 mM DTT, poly (rA) "oligo (dT)
(template'primer) , 0.1 mM [ Hi dTTP (final concentrations).
25 ul reactions were incubated at 37®C for 10 min and 
assayed by the DE"81 filter bind procedure. Fold increase 
is compared to a reaction containing no BSA during the 
preincubâtion or polymerization steps-
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Table 1. Effect of Components of the Reconstructed 
Reaction on the Behavior of Reverse Transcriptase During 
Preincubation
Reverse Transcrij 
Incubated With^
)tase
35S RNA-tRNA^^P
30mM Alkaline pmol
KPO^ Phosphatase Product
— - + > . 0 1
— + + > . 0 1
+ + + 2
+
No Preincubation
+ 1 . 2
2 . 6
^2.5 min preincubation at room temperature. 
1 hr polymerization reaction at 37°C.
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in Figure 6 demonstrate over a 3-fold increase in total 
enzyme activity preserved due to the addition of template" 
primer to the preincubâtion and support the above observa­
tions of nucleic acid stabilization of the reverse tran­
scriptase in the preincubâtion. Furthermore, these results 
also rule out any uniqueness of either the 35S RNA or 
tRNA^^P in this protective role.
In an attempt to provide some comparison of the rela­
tive stabilizing properties of template’primer versus BSA 
during a preincubâtion step, reverse transcriptase was incu­
bated alone and with either of these two substances for 
various times. As shown in Figure 7, the presence of 
nucleic acid preserves nearly twice the amount of reverse 
transcriptase activity when compared to the BSA experiment. 
Finally, either of these two substances allow for a greater 
retention of enzyme activity as compared to the reverse 
transcriptase by itself. The nucleic acid-protein inter­
action appears to be more efficient than a protein-protein 
interaction.
Interaction Between BSA or^35S RNA and Alkaline Phosphatase
The addition of either BSA or 35S RNA to the preincuba­
tion for the purpose of stabilizing the reverse transcrip­
tase activity might have detrimental effects on the alkaline 
phosphatase activity. An adverse effect, for instance, 
might result in the inhibition of the alkaline phosphatase 
activity. In order to discern any effect, standardized 
alkaline phosphatase activity control reactions were run
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Figure 6 . Effect of Template "Primer on Stability of Reverse 
Transcriptase During Preincubation. BSA-free reverse tran­
scriptase was pre incuba ted with (0-0) and without (A~A) 
standard final concentrations of poly (rA) "oligo (dT) 
template'primer for 2.5 min at room temperature. After 
preincubation the buffer and salts mixture and deoxythy- 
midine triphosphate was added to standard concentrations and 
polymerization was allowed to proceed for 1 0  min at 37°c. 
Reactions were spotted on DE'81 paper, background counts 
removed and radiolabel measured by scintillation cocktail.
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Figure 7. Comparison of Efficiency of BSA Versus 
Template"Primer in Stabilizing Reverse Transcriptase During 
Preincubation. BSA-free reverse transcriptase was pre­
incubated in the presence of poly (rA) "oligo (dT) (A“A) or 
100 ug/ml BSA (0 - 0 ) for the indicated times at room tempera­
ture and then subjected to polymerization with poly 
(rA) "oligo (dT) reactions for 10 min at 37®C. The poly 
(rA) "oligo (dT) preincubated reaction was brought to 100 
ug/ml of BSA before polymerization was initiated. As a 
control reverse transcriptase was incubated by itself.
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in the presence of these two substances.
To explore the consequences of the addition of BSA to 
the preincubâtion alkaline phosphatase was introduced into 
solutions containing p-nitrophenylphosphate with and without 
BSA at a final concentration of 100 ug/ml. The purpose then
was to establish whether the presence of the BSA might
inhibit the phosphomonesterase activity of the alkaline 
phosphatase or act as a competing phosphoprotein substrate 
during the preincubation. The colorimetrically monitored 
results shown in Figure 8 illustrate that there is no 
difference in the rate of appearance of the reaction product 
(p-nitrophenol). Therefore, the use of BSA does not alter 
the action of the alkaline phosphatase or decrease its 
effectiveness. Its presence in the preincubâtion would, 
therefore, contribute to enzyme stability, increase amounts 
of product during DNA synthesis and not interfere with the 
proposed modification of the reverse transcriptase.
To determine whether the presence of the 35S RNA*tRNA^^P
inhibits the action of the alkaline phosphatase or acts' as a 
competing substrate a similar study was performed. Again, 
the results shown in Figure 9 indicate no significant dif­
ference in the rates of phosphatase activity between the 
reaction containing template'primer and that without.
The reverse transcriptase required a 3'-OH for 
initiation of DNA synthesis. If the tRNA^^P primer 
possesses phosphate on the 3'-terminus then a reaction 
preincubated with alkaline phosphatase should show an
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Figure 8 . Effect of BSA on the Activity of Alkaline 
Phosphatase. A solution containing 1 M Tris-HCl (pH 8.0) 
and 1 mM p-Nitrophenylphosphate, 0.1 Units Alkaline 
Phosphatase/25 ul was incubated at room temperature with (0-0) and without (A-A) BSA at a final concentration of 1 0 0  
ug/ml. The change in absorbance at 410 nm was monitored at 
the timepoints indicated.
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Figure 9. Effect of 35S RNA on the Activity of the Alkaline 
Phosphatase. A solution containing 1 M Tris-HCl (pH 8.0),
1 mM p-Nitrophenylphosphate and 0.1 units alkaline 
phosphatase/25 ul was incubated at room temperature with (0-0) and without (A"A) 35S RNA’tRNA^^P at a final 
concentration of 25 ug/ml. The change in absorbance at 410 
nm was monitored at the timepoints indicated.
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increased rate of synthesis. To test for this 35S 
RNA’tRNA^^P was preincubated with and without 30 mM KPO^ for
2.5 min in the presence of alkaline phosphatase. Subse­
quently to this, reverse transcriptase was added and reac­
tion rates were measured. Figure 10 shows that there is no 
difference in either of the two reactions, thus, any effect 
of alkaline phosphatase of the 35S RNA'tRNA^^P is not 
apparent from this experiment. From these results it can be 
seen that alkaline phosphatase activity would have no dif­
ferential effect on the template'primer during a preincu­
bation that does not contain KPO^ as opposed to the parallel 
control reaction with KPO^ present.
Alkaline Phosphatase: Inhibition During the
Polymerization Reaction
In previous sections the alkaline phosphatase activity 
to be used in the preincubâtion reaction was demonstrated by 
the use of [̂ ^PO^]-labeled protamine sulfate. The phospho­
monesterase activity of the alkaline phosphatase while 
essential to the goals of the preincubâtion, was deliterious 
to the polymerization reaction. Without its subsequent 
inhibition, degradation of the deoxynucleoside triphosphates 
would take place. For this reason inorganic phosphate 
(KPO^) was employed as an inhibitor (Reid and Wilson, 1971). 
This inhibitory effect of KPO^ was also employed in the 
generation of a control for the preincubation reaction.
To demonstrate phosphate inhibition, a radiolabeled 
nucleoside triphosphate was incubated with alkaline
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Figure 10. Effect of Alkaline Phosphatase of the 35S 
RNA'tRNA^^P Template'primer. 35S RNA'tRNA^^P was incubated 
with 0.1 units of alkaline phosphatase/25 ul with (0 - 0 ) and 
without (A"A) 30 mM KPO 4  (pH 8 .0 ) for 2.5 min at room 
temperature. Reverse transcriptase was then added and the 
mixture was allowed to incubate at 37®C for various times. 
Aliquots of the reaction mixture were removed and the syn­
thesis of DNA was measured by DE*81 filter assay.
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phosphophatase with and without KPO^ present. The reaction 
products were subjected to thin layer chromatography for 
analysis. The results presented in Figure 11 indicate that 
the alkaline phosphatase activity was, indeed, inhibited by 
the addition of KPO4  (16 mM). This is illustrated by the 
observation that the reaction run in the presence of KPO^ 
and the control reaction run with no alkaline phosphatase 
produced identical reaction products. Furthermore, the 
addition of KPO 4  resulted in the inactivation of greater 
than 98% of the alkaline phosphatase activity when compared 
to the reaction run without the protection of KPO^. Absence 
of phosphate in this third reaction results in nearly com­
plete conversion of the triphosphate to its monophosphate 
and nucleoside forms. Finally, it is noteworthy to observe 
that the level of phosphate used here is half that used in 
the final analysis of the specific events of reverse 
transcription.
In order to quantitate this observed inhibition of alka­
line phosphatase by KPO^, a colorimetric phosphatase assay 
was performed. Figure 12 shows the percent inhibition of 
alkaline phosphatase versus increasing concentration of 
KPO^. 90% inhibition is achieved with only 5 mM KPO^ 
present. This result reemphasizes the necessity of isolat­
ing the reverse transcriptase in a phosphate-free media.
The 30 mM KPO^ reaction gave approximately 98% inhibition of 
alkaline phosphatase activity.
It may be asked whether this inhibition is of a short or
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Figure 11. Effect of Alkaline Phosphatase on Nucleoside 
Triphosphates. Methyl -[ H] deoxythymidine triphosphate was 
incubated with 0.1 units of alkaline phosphatase per 25 ul 
reaction in a solution containing 10 mM Tris-HCl (pH 7.4) 
and 1 uM ZnSO^ (0-0) and 16 mM KPO 4 (pH. 7.2) (0-0).
Reactions were run for 15 min at 37®C and spotted on thin 
layer chromatography paper. A control sample (A— A) was 
spotted without incubation. Ascending chromatography was 
performed in a solution consisting of 1 mM NH 4 OH, 32.9 ml 
H 2 O and 66.1 ml isobutryic acid. After drying the paper was 
sliced and the presence of the radiolabel was assayed for by 
liquid scintillation cocktail.
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Figure 12. Effect of Increasing Phosphate Concentration on 
the Activity of Bovine Alkaline Phosphatase. 0.1 units of 
phosphatase were incubated at room temperature in a solution 
containing 1.0 M Tris-HCl (pH 8.0) and 0.001 mM" p- 
nitrophenyl phosphate and various amounts of KPO^ (pH 8.0) 
for 10 min. Absorbance changes were measured at 410 nm 
following the production of p-nitrophenol. All reactions 
are normalized to values given during an assay performed 
with no phosphate present.
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long term nature. In other words, whether will it remain 
constant throughout the examination of the specific events 
of reverse transcription? To provide proof that the inhibi­
tion of phosphatase was irreversible, aliquots of alkaline 
phosphatase were tested as before with p-nitropheny1 - 
phosphate in a spectrophotometer. The data presented in 
Figure 13 demonstrates that the residual activity can be 
maintained over an extended period of time at the stated 
inhibition level of 98%.
These experiments illustrate the viability of the pro­
posed reaction design: alkaline phosphatase may cleave
phosphoester bonds on the reverse transcriptase protein in a 
preincubâtion reaction and then subsequently be inactivated 
by KPO 4  in a polymerization reaction. This inhibition pro­
tects the deoxynucleoside triphosphates necessary for the 
synthesis of DNA and thus, the examination of the specific 
events of reverse transcription from the destructive nature 
of the phosphatase activity.
A final experiment was performed to establish the amount 
of alkaline phosphatase activity needed to accomplish the 
stated goals of 1 ) modification of the reverse transcriptase 
and yet; 2 ) complete inhibition of the alkaline phosphatase 
activity during DNA synthesis. An alkaline phosphatase 
reaction containing all the final components of a 35S- 
directed reaction including 30 mM KPO^, but minus the 
reverse transcriptase, was performed by the colorimetric 
assay as described in Methods. The appearance of
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Figure 13. Inhibition of Alkaline Phosphatase Over an 
Extended Time Period. 0.1 units of alkaline phosphatase per 
25 ul was incubated in a solution of 1 M Tris-HCl (pH 8.0) 
and 0.001 M p-Nitrophenylphosphate with (0-0) and without 
(A"A) KPO 4  (pH 8.0) added to a final concentration of 0.03 
M. Absorbance readings were taken at 410 nm as the reaction 
progressed.
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p-nitrophenol is shown in Figure 14. This represented the 
residual activity of 0 . 1  unit alkaline phosphatase added to 
a preincubation reaction whose final polymerization reaction 
volume was 25 ul. This data has important ramifications in 
light of the two stated goals. Each will be explored in 
turn.
The first stated goal for the use of alkaline phospha­
tase was to provide sufficient phosphomonoester activity 
during the preincubation. The use of 0.1 units of alkaline 
phosphatase represents the equivalent removal of 0.25 umoles 
of phosphate during a 2.5 min preincubation with reverse 
transcriptase. Based upon the amount of reverse tran­
scriptase activity added to a 25 ul polymerization reaction, 
and an estimate that the number of phosphates needed to be 
removed is approximately 3x10“  ̂ umoles there is one molecule 
of PO^ present per molecule of reverse transcriptase. A 
more conservative estimate based on nucleotide sequencing 
done on the genome of RSV (Schwartz et al., 1983) calls for 
a total potential phosphate of 0.126x10”  ̂ umoles. In either 
of these two extreme cases it can be concluded that the 
preincubâtion system contains an excess of alkaline phospha­
tase activity.
In reference tb the polymerization reaction, the average 
rate of absorbance change in Figure 14 represented the 
residual activity left in the 0 . 1  units of alkaline phospha­
tase when inhibited by 30 mM KPO^. This corresponds to a 
rate of phosphomonoester bond cleavage of 41 pmoles of
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Figure 14. Inhibition of Alkaline Phosphatase Activity 
During Polymerization Reaction Conditions. 0.1 unit of 
alkaline phosphatase per 25 ul of solution containing 50 
Tris-HCl (pH 8.2); 5 mM MgC12  ; 14 mM DTT; 100 ug/ml BSA; 
0.2mM each of dATP, dCTP, dGTP, and dTTP; 25 ug/ml 35S 
RNA’tRNA^^P; 148 mM monovalent cation; 0.001 M 
nitrophenyIphosphate; and 30 mM KPOy, (pH 8  
at 37®C in a cuvette, 
nm as the reaction progressed.
mM
P-^ ,0) was incubated 
Absorbance readings were taken at 410
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phosphate removed per minute in the presence of 30 mM KPO^. 
Furthermore, this represents a loss of 0.27%/min in the 
total concentration of the deoxynucleoside triphosphates 
available for DNA synthesis. Short term transcription due 
to depletion of this pool should, therefore, not be affected 
to any appreciable degree.
In conclusion, a model reaction system has been devised. 
Phosphate-free reverse transcriptase has been isolated. 
Instability problems encountered in both storage and during 
the preincubation were overcome by the addition of BSA to 
the storage buffer and preincubation reaction (Figure 5) and 
the template•primer to the preincubation (Table 1). Alka­
line phosphatase was, in turn, isolated and shown to be 
capable of performing its function in the preincubâtion 
(Figure 4). Control experiments were performed to confirm 
the absence of interactions between the alkaline phospha­
tase, BSA, and 35S RNA (Figures 8 , 9 and 10) during the 
preincubation. Finally, a level of alkaline phosphatase was 
determined (Figure 14). Specifically, this level of alka­
line phosphatase added to a final concentration of 0 . 1  
unit/25 ul reaction achieved the following purposes: 1)
its activity is in 1 0  ̂ - 1 0  ̂ excess of the total phosphate 
estimated to be present in the standard reverse transcrip­
tase reaction; and 2 ) it was inhibited by the addition of 
KPO^ to a final "concentration of 30 mM. This resulted in a 
negligible cleavage of deoxyribonucleoside triphosphates 
available for the reverse transcriptase in the
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polymerization reaction. Similarly, this level of 
phosphate, if added during the preincubation generated a 
parallel control reaction so that the alkaline phosphatase 
activity was inhibited during the preincubation. This 
modification system also brought all synthetic reaction 
components (post-modification) to the levels found by Olsen 
(1982) to be necessary for the study of jji vitro reverse 
transcription.
Effect of Phosphatase Treatment on Rate of DNA Synthesis 
The rate of reverse transcription was first examined 
utilizing the modification system. Reverse transcriptase 
was pre incuba ted in the presence of 35S RNA'tRNA^^P and 
alkaline phosphatase. In a control reaction, 30 mM KPO4 (pH
8.0) was also included. Alkaline phosphatase activity in 
the test reaction was then subsequently inhibited by the 
addition of phosphate. After addition of ingredients for 
DNA synthesis, the reaction mixtures were incubated at 37®C. 
At various times an aliquot of each reaction was removed and 
the amount of DNA synthesis determined. The results 
presented in Figure 15 indicate that the transcriptional 
rate of alkaline phosphatase-treated reverse transcriptase 
in this system was less than the control. A comparison at 
any particular timepoint shows that there is a decrease of 
approximately 30% in total DNA synthesized by the reverse 
transcriptase treated with alkaline phosphatase as opposed 
to the control. However, from this data it was not possible 
to determine what specific event of the transcriptional
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Figure 15. Effect on Rate of DNA Synthesis by Phosphatase 
Treatment. Reverse transcriptase was preincubated with 3 5S 
RNA’tRNA^^P for 2.5 min at room temperature in the presence 
of 0 - 1  units of alkaline phosphatase 25/ul reaction volume 
with (0-0) and without (A“A) the addition of 30 mM KPO^ (pH
8.0). Following preincubâtion the reaction without KPO^ was 
made 30 mM in KPO^ (pH 8.0) and the rest of the 
polymerization substances were added. Samples of the 
reactions were taken at the timepoints indicated and amount 
of DNA manufactured was determined by the DE"81 filter 
assay.
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process was being affected. This difference in total 
reaction product was found to be reproduceable in the assays 
of specific events described subsequently.
Effect of Alkaline Phosphatase of Specific Events of Reverse
Transcription
Initiation Assay
The above results suggested alkaline phosphatase treat­
ment of reverse transcriptase affected DNA synthesis. To 
determine which step was affected, specific events were 
analyzed. First, initiation at tRNA^^P was examined.
The initiation event was analyzed by the substitution of 
araCTP for dCTP in the 4dNTP mix (Taylor et al., 1974;
Friedrich and Moelling, 1979). Thus DNA synthesis is 
aborted at the first deoxycytidine residue resulting in an 
eight base oligonucleotide (Eiden et al., 1975). Control
and experimental reactions were performed as described in 
the previous section. Furthermore, both experimental and 
control trials were duplicated with either araCTP or dCTP. 
Polymerization was allowed to proceed for 30 min at 37®C. A 
14% decrease in the amount of radionucleotide incorporated 
into oligodeoxynucleotide was observed in the alkaline phos­
phatase-treated enzyme as opposed to the control reaction. 
The deoxyoctanucleotide fragment was isolated and prepared 
for analysis as described in Methods. Samples were then 
subjected to electrophoresis using a 20% polyacrylamide/7M 
urea gel and exposed to x-ray film. The results indicate 
that in both control and test reactions using araCTP, an
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eight-base fragment was produced (Figure 16, Lanes a and c). 
This argues for a unique initiation point, the tRNA^^P, and 
shows that the reverse transcriptase that was alkaline 
phosphatase-treated did not lose its specificity for this 
site although it appeared to initiate synthesis less 
efficiently.
Analysis of Early DNA Products
After the initiation event takes place, the transcrip­
tion of the 35S RNA continues to the 5'-end of the RNA 
genome. This results in the synthesis of cDNA^9^ [strong 
stop (-) ] . If the jump to the 3 ' -end of the RNA is not 
made, a second species is likely synthesized, namely hairpin 
DNA (Olsen and Watson, 1982) i If the jump is completed in 
the correct manner, larger (-) DNA species result from the 
elongation of cDNA^9^. To test for these products, 
reactions were performed as previously described. The pro­
ducts were prepared for electrophoresis as outlined in 
Methods.
As can be seen in Figure 17, alkaline phosphatase- 
treated enzyme behaves in much the same manner as the 
control enzyme. cDNAg9^ is produced along with the hairpin 
DNA specie (Figure 17, lanes b and c). The jump event is 
also taking place in both cases due to the appearance of 
larger DNA species (>600 bases) (Figure 1, lanes e-h).
To further quantitate these results densitometrie 
tracings were taken of a representative gel. Figure 18 (A 
and B) illustrates the 3 major products: cDNA^^*^
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Figure 16. High percentage Gel of Electrophoresis of 
araCTP-Terminated Transcription Products. [ P] DNA pro­
ducts taken from 30 min 355 RNA'tRNA^^P-directed reverse 
transcriptase reactions were denatured by formamide, and 
fractionated by electrophoresis in 2 0 % polyacrylamide gels 
containing 7M urea. Electrophoresis was performed at 800 V 
until the bromophenol blue dye marker which migrates as a 6  
base fragment, migrated 13 cm. All lanes were alkalai- 
treated. Samples in Lanes a and b contained no KPO^ during 
the preincubation while Lanes c and d did. Lanes a and c 
had araCTP instead of dCTP added to the 4dNTP mix while 
Lanes b and d were performed with dCTP during DNA synthesis
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Figure 17. Polyacrylamide Gel Electrophoresis Analysis of 
Early DNA Products from 35S RNA’tRNA^^P—Directed 
Reconstruction Reaction, [ H] DNA products taken at various 
times from 35S RNA'tRNA ^-directed reverse transcriptase 
reactions were hydrolyzed, denatured in formamide, 
fractionated by electrophoresis in 4.8% polyacrylamide gels 
containing 7M urea, and analyzed by flourography. Samples 
in lanes b through h were preincubated with alkaline 
phosphatase while Lanes j through p had KPO^ added to the 
preincubâtion. (a, i, q) Hae Ill-digested 0X174 DNA size 
markers; (b and j) 1 min reaction; (c and k) 2.5 min 
reaction (d and 1) 5 min reaction; (e and m) 10 min
reaction ; (f and n) 15 min reaction ; (g and o) 20 min
reaction; (h and p) 30 min reaction. The identity of the
DNA bands is indicated on the right.
70
(product b) , hairpin DNA (product a) , and products greater 
than 600 bases long (product c). An integration was 
performed to quantitate the appearance and amounts of these 
species. The results are presented in Table 2. The appear­
ance of the cDNAg9^ specie and its accumulation at the 5' 
end of the 35S genome can be observed for both reactions. 
Though, from Figures ISA and B, a decreased amount of this 
specie was noted in the test reaction (Figure ISA) as com­
pared to the control (Figure ISB). The lag in the amount of 
this early product reflects, in much the same manner, the 
difference in the artificially generated eight-base fragment 
noted in the previous section. The reactions stopped at the
2.5 min. timepoint showed a 6 -fold decrease of the 
cDNAgQ^'tRNA^^P product in the test reaction as compared to 
the control. In the next few minutes the test reaction 
appeared to generate an equivalent amount of cDNA^9^"tRNA^^P 
and hairpin DNA'tRNA^^P as compared to the control both in 
absolute and relative amounts. What is most striking is the 
earlier appearance of longer products in the control experi­
ment at the 15 min timepoint. Fully 18% of the total pro­
duct is greater than 600 bases in the control. By 20 min 
almost 33% of the product is greater than 600 bases in the 
control as compared to 11% in the test reaction. These 
larger products are reflected in a decreased percentage of 
cDNAgQ^ present at the 2 0  min timepoint in the control 
versus the test reaction.
To further interpret the data, the percentages of
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Figure 18. Densitometrie Tracing of Early DNA Product From 
Polyacrylamide Gel Electrophoresis- [Hi DNA products 
taken at various times from 35S RNA'tRNA P-directed reverse 
transcriptase reactions were denatured in formamide, 
fractionated by electrophoresis in 4.8% polyacrylamide gels 
containing 7M urea, and analyzed by fluorography. 
Superimposed densitometrie tracings of the exposed film are 
shown along with the corresponding timepoint. Markers are 
indicated at top. (A) represents active alkaline 
phosphatase during the preincubation. (B) represents 30 mM 
KPO 4  added to preincubation. (a) hairpin DNA'tRNA^^P (b) 
cDNA^T tRNA (c) products greater than 600 bases in
length.
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Table 2. Amounts of Early Products,
CDNA&9° hpDNA
Products 
>600 bases
Min
Reaction A.P. (+ )•= A.P. (-) A.P.(+) A .P.<-) A.P.(+) A.P.(-)
1 — - - —  — —
2.5 0 . 0 2 0 . 1 1 — —  —  — '
5 0.55 0.92 - —  —  —
1 0 1.63 1. 41 0.35 0.39
15 1.82 1.56 0.94 1.01 - 0.56
2 0 2.08 2.16 1.30 2.0 0.42 2.0
^Values are expressed as total area of peaks representing
products from Figure 18A and B.
A.P. ( + ) designates active alkaline phosphatase during the 
preincubation. Likewise, A.P. (-) designates the addition 
of 30 mM KPO^ (final concentration) to preincubation.
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cDNA^^^ and hairpin DNA were derived from combining their 
total dens i to me trie weights. This data is presented in 
Table 3. The data indicates that the relative amount of 
cDNA^Q^ to cDNA^Q^ and hpDNA decreases as the jump is made 
in both reactions. As would be expected this occurs faster 
in the control. Usually, in this reaction, if the jump is 
not made, hairpin DNA is produced and becomes a predominant 
product. Here, in the test reaction, this is not the case.
In fact, the data shows less hairpin is produced in the test 
reaction. The implications of the results presented here 
will be discussed further in the final chapter.
Assay for. Poly (A) Release
Once the jump is made the action of the reverse tran­
scriptase is focused on the 3'-end of the 35S RNA. In the 
previous experiment it was shown that alkaline phosphatase- 
treated enzyme lags behind the control in accomplishing the 
jump. This was shown to result in a reduction in synthesis 
of longer (-) DNA products. Concomitantly with this synthe­
sis, an RNA "DNA hybrid is generated. The hybrid produced can 
then act as a substrate for the RNase H activity associated 
with the reverse transcriptase. This results in the clip­
ping of the poly (A) tail present on the 3'-terminus of the 
35S RNA. Olsen (19 82) showed that this event occurs early 
in the transcription process and proceeds for about 40 min.
To test for the release of the 200-base poly (A) 
fragment, reactions were performed and the poly (A) fragment 
was detected using [^H] poly(T) probe in the region of
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1 0 0Table 3. Relative Percentages of cDNA^V and hpDNA 
________c DNA^9^________  hpDNA
Min A.P.(+) A.P.(-) A.P.(+) A.P.(-)
10 82% 78% 17% 22%
15 6 6 % 61% 34% 39%
20 62% 52% 38% 48%
^Values are derived from data presented in Figure 2.
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approximately 4S due to its migration property of glycerol 
density gradients. Any poly (A) release can then be quanti­
tated by hybridization. As an additional control, reverse 
transcriptase was incubated with 35S RNA minus two of the 
deoxyribonucleoside triphosphates. A deletion in the 4dNTP 
mix should prevent jump which prevents formation of the 
RNA "DNA hybrid adjacent to the poly (A) tail, and thus, 
results in no release of the poly (A) tail.
As shown in Figure 19 a peak migrating in the range of 
4-5S appears in both reactions by hybridization with [^H] 
poly (dT) probe. This corresponds to the poly (A) fragment 
of the 35S RNA. However, a difference is observed in that 
there was a 40% reduction in the release of the poly (A) 
tail in the reaction that was phosphatase-treated. The 
difference with respect to the amount of poly (A) released 
is highly indicative of a decreased amount of RNA "DNA hybrid 
available for the RNase H activity to utilize as substrate. 
The 40% reduction shown in Figure 19 is also a 2 fold 
increase in the difference noted in the previous section for 
the amount of product 600 bases. Whether this is directly 
related to a reduction in the RNase H activity or an earlier 
event cannot be determined from this data and will be dis­
cussed further in the next chapter.
Strong Stop (+) 300 and (-) 400 Assay
After the release of the poly (A) tail occurs, partial 
degradation of the 3'-end of the RNA template proceeds 
(Olsen, 1982). The RNA fragments generated from this
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Figure 19. Release of Poly (A) During Reverse 
Transcription. Reaction mixtures from 20 min 35S 
RNA’tRNA^^P-directed reactions (25 ul) were terminated by 
adding 175 ul 10 mM Tris-HCl (pH. 7.4), 40 mM NaCl, 2 mM 
EDTA, and 0.2% (w/v) SOS; and then were centrifuged in a 4.3 
ml 10-30% (v/v) glycerol gradient in 10 mM Tris-HCl (pH
7.4), 40 mM NaCl, 2 mM EDTA, and 0.2% (w/v) SDS using a 
S W 6 0  rotor at 54 K for 210 min at 20®C. Fractions were 
collected and hybridized with [ H] poly (dT). (A)
represents 30 mM KPO^ (pH 8.0) added to alkaline phosphatase 
preincubation. (B) represents alkaline phosphatase treated 
enzyme. Counts per minute were normalized by subtraction of 
those derived from a control reaction that contained an 
incomplete 4dNTP mix.
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nucleolytic activity are proposed to be utilized as primers. 
These primers serve as points of initiation for the 
synthesis of (+) DNA, including two distinct species: {+)
DNA^QQ and ( + ) DNA ^qq (Olsen and Watson, 1982).
The (+) DNA 3 QQ and (+) DNA^qq were sought to experi­
mental ly analyze the effect of reverse transcriptase modifi­
cation of (+) DNA synthesis. Following synthesis and purif­
ication, the DNA products were fractionated by agarose gel 
electrophoresis and transferred to DBM paper. Specific 
probes were employed to detect { + ) DNA as described in 
Methods. Figure 20 depicts the results. As previously 
seen, the alkaline phosphatase-treated enzyme mimiced the 
control enzyme. The (+) DNA 3 QQ and (+) DNA^qq species, when
challenged with specific DNA hybridization probes (CDNA3 1  
and cDNA^^p), were found to be qualitatively present. Addi­
tionally, DNA species larger than 400 bases also appeared to 
be present.
To quantitate the relative amounts of the (+) DNA 
species, densitometrie tracings were taken of the autoradio­
grams. The data is presented in Figure 21 (A and B). It 
can be seen that there was an increase in the amount of 
these species with time. Table 4 summarizes the results. 
From the previous studies involving early events 
(specifically the jump event and the poly (A) release), a 
reduction in the amounts of (+) stranded products was
expected- Table 4 depicts this for the 20 min timepoint,
although the reduction now reaches 60%. At the 40 min
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Figure 20. Detection of ( + ) DNA from 35S RNA" t RNA P- 
directed reactions. DNA product taken from control and test 
reactions (300 ul) was fractionated in alkaline 2% agarose 
gel at 100 mA constant current for 30 min, then 150 mA for
4.5 hr. The DNA product was transferred to DBM-paper and 
hybridized with (A) cDNA probe. After autoradiography, 
the DNA probe was removed by treating the DNA-paper with 100 
ml 0.3 N NaOH for 30 min. Following autoradiography to 
confirm the removal of the [ P] DNA, the DNA paper was 
rehybridized to fB) cDNA^t probe. Lane a of both A and B 
shows marker 5 [  P] fragments of Hae Ill-digested 0X174 
DNA whose lengths are indicated at left. Lanes b and d are 
20 min reactions. Lanes c and e are 40' reactions. Lanes b 
and c represent alkaline phosphatase-treated enzyme. Lanes 
d and e contained 30 mM KPO^ (pH 8.0) during the 
preincubation.
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timepoint amounts of ( + ) 300 and ( + ) 400 DNA in the test
reaction approached those values given for the control 
reaction. It can also be seen from Table 4 that plus- 
stranded species greater than 1300 bases were produced more 
predominantly in the control reaction. These products 
demonstrate a large difference between control and test 
reactions after 40 min. Due to the unavailability of probes 
specifically prepared for sequences further downstream from 
the 3'-end of the RNA, additional (+) strand synthesis was 
not determined.
Full Length <-) Strand Assay
As a final test for the effect of alka1ine-phosphatase 
treatment on reverse transcriptase, the presence of genome- 
length DNA transcripts was sought. To accomplish this, 
standard reverse transcriptase reactions were performed and 
the products processed and fractionated on alkaline agarose 
gels as described in Methods. The resulting autoradiograms 
of those products are presented in Figure 23.
In comparing control and test reactions for the 45 and 
90 min timepoints, one observes a decreased amount of total 
products with the aIkaline-phosphatase-treated enzyme. The 
test reaction lagged behind the control in total length of 
product. This is as it should be due to the previously 
mentioned lag in the amount of 5' to 3* jump taking place.
A band corresponding to full length (-) strand in the test 
reaction is not apparent on the gel. Still, the gel 
presents transcripts of nearly 6.5 kilobases in length.
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Figure 21. Dens i to me trie Tracing of { + ) DNA From cDNAj__p 
Probe Analysis. Densitometrie tracings taken of autoradio­
gram presented in Figure 20(A). A represents products 
derived from the alkaline phosphatase-treated enzyme- B 
represents the control preincubation run with 30 mM KPO^ (pH
8.0). Tracing (a) in both cases is the 20 min reaction.
(b) is the 40 min reaction. Hae Ill-digested 0X174 markers 
are indicated at top.
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Figure 22. Densitometric Tracing of (+) DNA From cDNA^' 
Probe Analysis. Densitometrie tracings taken of autoradio­
gram presented in Figure 20(B). A represents products 
derived from the alkaline phosphatase-treated enzyme. B 
represents the control preincubation run with 30 mM KPO 4  (pH
8.0). Tracing (a) in both cases is the 20 min reaction.
(b) is the 40 min reaction. Hae Ill-digested 0X174 markers 
are indicated at top.
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Table 4, Amounts of (+) DNA Products^
cDNA^^^ Probe 
Min A.P.^hpDNA (+)DNA 3 QQ ( + ) DNA/JQQ >600 bases >1300 bases
2 0  + 2.9 1 . 0 1 . 8 - -
2 0 6.4 2.7 5.2 - 0 . 6
40 + 8.4 3.8 8.4 3 . 9 0 . 2
40 10. 5 4.3 8.4 3 . 7 1.5
cDNA^. Probe
Min A.P . hpDNA (+)DNA^q^ (+)DNA^QQ >600 bases >1300 bases
2 0  + 4.1 1 . 8 4.4 0.9 -
2 0 6 . 6 4.3 9.4 2 . 6 0.5
40 + 9.2 5.0 9.8 5.1 0.3
40 9.8 4.7 9.5 6 . 1 1 . 1
^Values are expressed as total area of peaks representing 
products from Figures 21 and 22.
^A.P. designates bovine alkaline phosphatase
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Figure 23. Size of 355 RNA'tRNA^^P-Directed DNA Product.
[ P] DNA product was isolated from 45 min (Lanes a and c) 
and 90 min (Lanes b and d) 100 ul reverse transcriptase 
reactions, alkaline hydrolyzed and fractionated on alkaline 
1.2% agarose gels at 50V for 18 hr at room temperature. 
Positions and lengths of Hind Ill-digested bacteriophage 
lambda DNA marker fragments (Lane e) are shown at right. 
Lanes a and b represent alkaline phosphatase-treated enzyme
while Lanes c and d contained 
preincubâtion.
30 mM KPO^ (pH 8.0) in the
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CHAPTER IV 
DISCUSSION
The primary focus of this study was to examine the 
effects of protein modification by alkaline phosphatase on 
the synthetic (enzymatic) properties of AMV reverse tran­
scriptase. This preliminary examination was accomplished by 
the design of an vitro modification-synthesis reaction 
system for detection of modification effects on the tran­
scription process. Furthermore, by examining various inter­
mediates generated during reverse transcription the effect 
was, at least in part, quantifiable. The achievement of 
observing an effect exemplifies the usefulness of this 
approach to studying enzyme regulation vitro.
Experimental Design
The present study sought to improve upon earlier 
approaches to this type of investigation by 1 ) modifying 
reverse transcriptase which represented the vivo phos- 
phorylated state; 2 ) achieving a comparative study utilizing 
the iri vivo phosphorylated state as control; 3) subjecting 
identical amounts of enzyme to an identical modification 
step differing only in the presence/absence of alkaline 
phosphatase inhibitor ; and finally 4) by utilizing the 
natural template * primer and standardized assays to quantify 
the effect and to elucidate the step in the transcriptive 
process at which the modification has its effect on the
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in vitro system.
To achieve the above goals in this study, reverse tran­
scriptase was first isolated in a phosphate-free media. 
Stability problems were encountered. Furthermore, during 
the establishment of the modification system, further stabi­
lization was found to be necessary during the preincubation 
reaction with alkaline phosphatase.
Isolation and Instability of Reverse Transcriptase in 
Phosphate-Free Media
It was necessary to place the reverse transcriptase in a 
non-phosphate storage buffer in order to avoid inhibition of 
the alkaline phosphatase during the generation of a poten­
tially dephosphorylated form of reverse transcriptase. 
Inhibition studies (Figure 12) showed that low concentra­
tions of phosphate were potent in inhibiting the activity of 
alkaline phosphatase. Two methods were developed (Figures 2 
and 3) to remove phosphate from preparations of reverse 
transcriptase. Each procedure took advantage of different 
availabilities of reverse transcriptase. In the first 
(Figure 2), previously isolated reverse transcriptase was 
rendered phosphate-free by phosphoce1 lulose column chroma­
tography. In the second (Figure 3), phosphate-free reverse 
transcriptase was obtained by velocity sedimentation centri­
fugation of reverse transcriptase during purification from 
virus preparations. Three additional approaches noted in 
results proved to be unsatisfactory due to enzyme inactiva­
tion or insufficient removal of phosphate. Centrifugation
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of existing reverse transcriptase stocks was efficient for 
removal of phosphate, but like dialysis and exclusion chrom­
atography, resulted in negligible recovery of the original 
enzyme activity.
Established isolation procedures for reverse transcrip­
tase use phosphate as the standard buffering agent (kacian 
et al., 1972). Previously, comparative studies demonstrated 
90% recovery of enzyme activity could be achieved with 
phosphate in contrast to 10-20% when Tris-HCl was used. 
(Hurwitz and Leis, 1972; Mizutani and Temin, 1975). Upon 
isolation and storage in a non-phosphate media using either 
of the two successful methods described above, the enzyme 
demonstrated a large degree of instability reaffirming 
observations by Tsiapalis et al. (1976). Similar to the 
procedure of Benzair et al. (1982), bovine serum albumin was 
added to a final concentration of 20 ug/ml. This addition 
resulted in an increase in the longevity of enzyme activity 
upon storage.
Phosphatase has been reported to be present in the 
virions of RNA tumor viruses (Mizutani and Temin, 1971). 
Also, as noted previously, phosphatase action can reduce the 
activity of reverse transcriptase (Tsiapalis et al., 1976). 
It can be conjectured from these two observations that the 
importance of phosphate during isolation and storage of 
reverse transcriptase lies "in its ability to inhibit phos­
phatase. Any observed instability during storage in a non­
phosphate buffer could then be attributed to the removal of
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phosphate and, therefore, activation of endogenous phos­
phatases. This conclusion can be partially refuted by 
observations in this study. Reverse transcriptase obtained 
for this study was obtained by both column chromatography 
and density centrifugation. It is hard to imagine phospha­
tase copurifying with reverse transcriptase by virtue of 
both binding affinity and molecular weight, respectively 
(Figures 2 and 3). Most phosphatases encountered have mol­
ecular weights on the order of 80,000 daltons while reverse 
transcriptase's molecular weight has been estimated to be 
about 160,000 daltons. A second important fact lies in the 
stabilization of reverse transcriptase by the addition of 
BSA to the storage media. This addition increased the total 
protein concentration during storage. The observed inacti­
vation may therefore be concentration dependent and coupled 
to protein-protein interactions. A final possible explana­
tion for the observed loss of activity is an as yet unchar­
acterized reverse transcriptase-associated phosphatase 
activity. This copurifying activity could be useful in the 
generation of 3' OH primer sites for initiation of DNA 
synthesis. Unfortunately, it could also be deliterious to 
reverse transcriptase stored in a phosphate-free buffer. In 
conclusion, a BSA-reverse transcriptase protein-protein 
interaction is highly likely. Furthermore, the addition of 
phosphate during isolation and storage of reverse transcrip­
tase might indicate the binding of phosphate to reverse 
transcriptase in much the same manner as template'primer
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during this study’s preincubation step. Phosphate may be 
useful in inhibiting phosphatase during isolation but may 
play a different role during storage. No firm distinction 
can be drawn in regard to this point.
The Preincubation; Alkaline Phosphatase Activity
The removal of covalently bound phosphate from the 
reverse transcriptase was attempted in preincubâtion reac­
tions with alkaline phosphatase. Various methods have pre­
viously been used to separate the two enzyme activities 
after this step was performed. Hsu et al. (1982) utilized 
glycerol density gradient centrifugation. A previous 
attempt at dephosphorylation was performed in our laboratory 
(Rosok and Watson, unpublished) with a matrix-bound alkaline 
phosphatase after which the alkaline phosphatase activity 
was centrifuged away from the modified reverse transcrip­
tase. This method proved either too abusive to the reverse 
transcriptase activity by virtue of the manipulation or 
diluted the activity to such an extent as to render it 
undetectable in subsequent steps. Finally, Tsiapalis et al. 
(1976) employed alkaline phosphatase in a preincubâtion step 
and utilized phosphate to control the phosphatase activity 
during subsequent procedures. Derivation of the amount of 
alkaline phosphatase activity and the necessary amount of 
phosphate to achieve inhibition were not explored. Further­
more, the control experiment utilized alkaline phosphatase 
inactivated by boiling. This may have led to a misinterpre­
tation of the results for the present study has shown that
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the addition of proteinaceous material can increase or 
stabilize the activity of reverse transcriptase (Figure 5).
The present study improved upon these approaches by 
balancing the amount of alkaline phosphatase necessary to 
accomplish modification. At the same time little residual 
alkaline phosphatase activity remained during the subsequent 
incubation with template "primer during reconstructed reverse 
transcription reactions. This inhibition was accomplished 
by the addition of phosphate and was directly measured 
COlorimetrically under polymerization conditions (Figure 
14). Also, any variable increase in reverse transcriptase 
activity due to the presence of protein in the form of 
alkaline phosphatase was overcome by the maximization of the 
protein effect by the addition of BSA in all reactions 
(Figure 5). Finally, by having alkaline phosphatase present 
in both experimental and control reactions a more valid 
assay was achieved.
Previous kinetic analysis of the action of phosphate on 
the alkaline phosphatase, while not totally understood, 
indicates that it acts as a competitive inhibitor of the 
activity. This is probably due to the phosphate binding at 
the active site of the enzyme. This study has shown that 
even low levels (5 mM) of phosphate are capable of inhibi­
ting 90% of the activity of the alkaline phosphatase (Figure 
12). This inhibitory effect was essential during the syn­
thesis of DNA (polymerization reaction). Likewise, its 
addition to the preincubation generated a control reaction.
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This control reaction relied on the inhibition of alkaline 
phosphatase by phosphate instead of dénaturation by boiling 
thus creating an internal control providing for more suit­
able interpretation of results. The total concentration of 
phosphate present during the polymerization reaction was the 
same amount contributed by reverse transcriptase storage 
buffer in experiments performed by Olsen and Watson (1982). 
Here the presence of phosphate and the accompanying mono­
valent cation were taken into account in the maximization of 
full-length (-) strand DNA synthesis. This study's final 
reaction conditions duplicate those conditions.
The Preincubation: Reverse Transcriptase Activity
The proposed modification system sought to minimize the 
amount of manipulation of the reverse transcriptase. Still, 
upon addition of reverse transcriptase to the preincubâtion 
there was an observed loss in activity during the subsequent 
polymerization reaction from both control and test reactions 
(Table 1). It was concluded that this loss in activity was 
due to thermal inactivation as observed previously by both 
Hurwitz and Leis (1975) and Verma et al. (1974). Panet et 
al. (1975) and Benzair et al. (1982) resolved this problem 
by the addition of template "primer to preincubâtion type 
experiments. To utilize these previous observations, 35S 
RNA'tRNA^^P template'pr imer was added to the pre incubât ion 
mixture resulting in the preservation of reverse transcrip­
tase polymerase activity (Table 1). This technique is not 
without precedent since in enzymatic systems specific
93
substrates are able to protect enzymes from inactivation 
(Carter et al-, 1968).
By its nature as a polymerization enzyme there must be 
some affinity in the reverse transcriptase for the nucleic 
acids it uses as substrates. This affinity may possibly 
have some relationship with the structure of the nucleic 
acids- One feature is the phosphate backbone- If this is 
the case then there may be a further relationship between 
the phosphate backbone of a nucleic acid polymer and the 
previously discussed loss of enzyme activity during storage 
in non-phosphate buffer - Clearly, more experimentation is 
necessary to establish a firm link between the two.
A final question arises as to whether the addition of 
RNA would mask potentially modifiable phosphate groups on 
the reverse transcriptase - While this question could not be 
directly answered in these experiments, experimental evi­
dence (Table 1) illustrates the necessity of RNA addition to 
the preincubation- If phosphate groups were present then it 
might be conceivable that they are located at sites other 
than the active site where the phosphate backbone of the DNA 
is being formed.
Analysis of Specific Events of Reverse Transcription
Once the various parameters of the modification-réaction 
system were set, a kinetic analysis was performed to gain 
insight into the difference between the transcriptive prop­
erties of alkaline phosphatase-treated and untreated reverse 
transcriptase in a 35S RNA*tRNA^^P-directed reaction.
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The first experiment tested the amount of DNA produced and 
demonstrated that in the system as described above there was 
a difference in the rate of synthesis by the two forms of 
reverse transcriptase (Figure 15). The difference in Figure 
15 is manifested in a constant 30% reduction in total pro­
duct generated by the modified enzyme- It begins as early 
as the 5 min timepoint and continues out to 90 min. This 
kinetic data then indicates that the difference in the two 
forms of reverse transcriptase lies in some early event.
This primary difference is then propagated throughout all 
steps of the reverse transcription process. Various steps 
were then examined to confirm this conclusion.
Initiation Event with tRNA^^P Primer
The technique of blocking further DNA synthesis after 
the initiation event on the tRNA^^P molecule was utilized to 
assay for this important early event (Eiden et al., 1975).
As illustrated phosphatase-treated and control enzyme uti­
lize this primer site by generating the eight base oligo­
nucleotide fragment. Also, as measured by the DE’81 filter 
paper assay, the modification of the reverse transcriptase 
resulted in a 14% reduction in product at the 30 min time­
point. Even a larger discrepancy might have been observed 
had reactions shorter than the 30 min polymerization been 
assayed.
An observed reduction in the initiation event has impor­
tant consequences in light of the kinetic data presented in 
Figure 15. This data reveals that the two forms of enzyme
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diverge with respect to their ability to transcribe the 35S 
RNA*tRNA^^P at some early point in the transcription pro­
cess. The difference noted here in the initiation assay 
suggests that this event is affected by the modification of 
the reverse transcriptase. Whether this difference can 
solely account for the total difference throughout all early 
events or is merely propagated through the entire sequence 
of events will be discussed below.
Production of c DNa |9^
The production of cDNAg?*^ is a very rapid event (Olsen 
and Watson, 1982). The synthesis of this specie is a direct 
result of the elongation of (-) strand DNA once the initia­
tion event occurs at the tRNA^^^ initiation site. It is the 
predominant product manufactured early in the reverse tran­
scription process as can be concluded from Figure 17 (Lanes 
b-d and Lanes j-1). Furthermore, it can be concluded that 
both modified and unmodified reverse transcriptase behave 
similarly in the production of cDNA^?^. Yet, if one 
examines the kinetics of synthesis presented in Figure 18 
(product b), it is apparent that the production of cDNA^?^ 
by modified enzyme lags behind the unmodified control. A 
tabulation of the exact amount of this product from Figure 
18 presented in Table 2 shows this to be true. This signif­
icant result has two possible ramifications: 1 ) that the
reduction in the production of cDNA^?^ by the modified 
enzyme is due to an impairment in the polymerase function of 
this reverse transcriptase; or 2 ) that the lower amount of
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cDNAg9^ is the direct result of a poorer initiation event in 
the modified enzyme as compared to the control. The latter 
conclusion would seem to be more likely since it follows 
from the data presented in the previous section. Therefore, 
an initiation event in the alkaline phosphatase-treated 
enzyme that is less efficient than that of the unmodified 
enzyme would, by necessity, generate a decreased amount of 
the first major early product: cDNA^9^.
Elongation of cDNAq?^: The Transcriptional Jump and hpDNA
The further elongation of cDNA^9^ in reconstructed 
reverse transcription reactions proceeds by a jump mechanism 
assisted by the terminal redundancies (Collet and Paras, 
1978; Swanstrom et al., 1981; Olsen, 1982). Elongation of 
(-) strand DNA, and therefore, the occurence of the jump can 
be accounted for by the production of larger DNA species. 
When modified and unmodified reverse transcriptase fractions 
were examined for the production of longer products, they 
appeared efficient in this mode of synthesis (Figure 17, 
Lanes f-h and Lanes n-p). Still, examination of the densi- 
tometric data in Figure 18 (product c) shows a quantitative 
difference. This is brought out more fully in a tabulation 
of the total amounts of products produced which are greater 
than 600 bases in length (Table 2). The difference 
reflected here at the 15 and 20 min timepoints represents a 
2 0 % reduction by the modified enzyme as compared to the 
control. This can also be observed by the parity in the 
amount of cDNA^Q^ which both modified and unmodified enzyme
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achieved by the 20 min timepoint (Figure 18, product b;
Table 2, cDNA^?^). This data signifies that the jump is 
taking place, thus depleting the cDNA^9^ in the unmodified 
enzyme reaction and no longer allowing it to outpace the 
modified form. In conclusion, the more rapid initiation 
might then lead to a more rapid production of the cDNA^?^ 
and concomitantly a DNA*RNA hybrid. The RNA portion of this 
hybrid then is exonucleolytically digested earlier leading 
to a more rapid annealing of the 3'-end of the 35S RNA 
terminal repeat. It would seem likely then that the jump 
mechanism is not impaired, but the difference in the two 
reactions is directly related to the difference in the 
initiation event.
An alternative to jumping is the synthesis of the hair­
pin DNA (hpDNA) molecule via complementary copying of 
c DNA^9^. It has been the experience in our laboratory that 
a predominance of this product in reconstructed reverse 
transcription also follows a decreased production of full 
length (-) DNA (Olsen, unpublished results). Therefore, it 
was of interest to consider if this mechanism was more 
favorable for the modified reverse transcriptase. The 
densitometrie tracings presented in Figure 18 (product a) 
and their amounts (Table 2, hpDNA) indicate that normal 
levels of hpDNA are produced by the modified enzyme. 
Furthermore, a tabulation of the percentages of both cDNA^9^ 
and hpDNA illustrates that there is even a slightly lower 
amount of hpDNA produced as compared to jumping with the
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unmodified enzyme. This conclusion seems to indicate that, 
as mentioned previously, there appears to be no inherent 
difference in the abilities of the two forms of reverse 
transcriptase for accomplishing the jump mechanism. An 
actual relative decrease in the amount of hpDNA as illus­
trated in Table 3 might lead one to conclude that: 1)
either DNA-directed DNA synthesis is somehow affected; or 
that 2 ) once the cDNA^9^ is complete and ready for annealing 
with the 3'-end of the 35S RNA, the alkaline phosphatase- 
treated enzyme simply loses its association with the 
template•primer. The data are not dramatic enough to 
warrant a conclusion.
Poly (A) Release
A further event that occurs early in the reverse tran­
scription process is the release of the 3'-terminal poly (A) 
tail. Olsen (1982) demonstrated this event both through the 
use of specially constructed RNA template * primers and 35S 
RNA•tRNA^^P-directed reactions. The capability of the RNase 
H to clip a single-stranded RNA tail in an RNA*DNA hybrid 
has also been demonstrated in other systems (Gerard, 1981).
To examine this event, transcription was again initiated 
at the tRNA^^P primer and the release of the poly (A) tail 
was examined. The profile in Figure 19 indicates that even 
though the tail is being released by the phosphatase-treated 
enzyme, there is, nonetheless, a 40% reduction in the effi­
ciency of the release. In the previous section it was noted 
that post-jump DNA products synthesized by the alkaline
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phosphatase—treated enzyme were decreased by 2 0 % as compared 
to the control. Therefore, it should be expected that there 
would be a 2 0 % difference here too if this assay accurately 
reflects the establishment of RNA'DNA hybrids due to the 
annealing of the terminal redundancies of the cDNA^^^ and 
the 3'-terminus of the RNA. What instead is seen is the 
above mentioned 40% difference. This could arise by two 
separate mechanisms : 1) an inefficiency in the RNase H
activity or; 2 ) an inefficiency in the binding of a molecule 
of reverse transcriptase to the newly formed DNA'RNA hybrid. 
These two alternative explanations cannot be distinguished 
from one another with the data provided. As an approach to 
answering this question, model systems might be constructed. 
In one system a subgenomic fragment of poly (A)'*’ RNA could 
be annealed with cDNA^?^. With this temp la te'primer system, 
initiation of DNA synthesis would begin post-jump as would 
the release of the poly (A). This would create a parity 
between the two forms of reverse transcriptase and eliminate 
the previous 5'-transcriptional events. A second method 
would follow previously performed protocols (Watson et al., 
1979). Through the use of DNA'RNA radiolabeled homopolymer 
hybrids the kinetics of the RNA degradation could be 
observed. Furthermore, binding assays with DNA "RNA hybrids 
may also prove instructive (Grandgenett, 1976) in testing
these two mechanisms.
(+) Strand DNA Synthesis
Subsequent to poly (A) release the degradative RNase H
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activity continues processively giving rise to primer sites 
from which two predominant species appear : ( + ) DNA3 QQ and
(+) DNA^qq (Watson et al-, 1979; Olsen and Watson, 1980; 
Olsen and Watson, 1982). Hybridization blotting techniques, 
as outlined in methods, facilitated the detection and estab­
lished the size and polarity of these two species. The 
utilization of this technique led to the production of the 
autoradiogram presented in Figure 20. Here, as in the 
preceding sections, the alkaline phosphatase-treated enzyme 
mimics the action of the control enzyme in the production of 
these two (+) DNA species (Figure 20A, b and d, c and e ; 
Figure 20B, b and d, c and e). Densitometrie tracings taken 
of these products leads to the profiles in Figures 21 and 
22. It is apparent here that the synthesis of the (+) 
strands in the test reaction lags behind the control at the 
20 min timepoint. This conclusion is further sustained by 
the quantitation of the profiles in Figures 21 and 22 pre­
sented in Table 4. The reduction in the amounts of these 
products produced by the modified enzyme at the 2 0  min 
timepoint is revealed to be approximately 60%. By the 40 
min timepoint, as primer sites are used up, the difference 
between the amounts generated by both forms of enzyme 
becomes much less. With the utilization of the cDNA^^p 
probe (Figure 20A) larger species of (+) polarity appear. 
These species are more predominant in the control reaction. 
Whether they arise from the ligation of (+) strands 
(Mizutani et al., 1971; Hurwitz and Leis, 1972), by
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initiation of (+) DNA synthesis further downstream (Boone 
and Skalka, 1981) or by some other mechanism is not 
presently known.
Full Length (-) DNA
In an attempt to complete the study of (-) strand syn­
thesis, full length (-) strand DNA was sought- This specie 
has previously been known to appear in reconstructed reverse 
transcription reactions (Olsen and Watson, 1982). Products 
from standard 35S RNA-directed reactions were sized on gels. 
The autoradiogram presented in Figure 2 3 shows that the 
spectrum of sizes of DNA products produced by the alkaline 
phosphatase-modified enzyme as compared to the control is 
reduced at both the 45 and 90 min timepoints (Lane a versus 
c and Lane b versus d) . This conclusion is a further exten­
sion of the 20% difference noted in Table 2 for the produc­
tion of (-) DNA species greater than 600 bases synthesized 
post-jump by the alkaline phosphatase-treated enzyme. Due 
to the shortness of the reaction times assayed, though, full 
length (-) does not appear. Still, large products approach­
ing 6.5 kilobases in length are generated. The appearance 
of a 7.2 kilobase band would more likely have shown up if 
synthesis had been allowed to proceed.
Implications of Modification
The value of these experiments lies on one level with 
the observation that modification of the reverse transcrip­
tase can impair its ability to function efficiently as a
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synthetic enzyme. This conclusion has certain ramifications 
when one is reminded that protein kinase activities have 
been observed in AMV (Rosok and Watson, 1979), and that the 
one gene of some retroviruses has been found to exhibit 
kinase activity. One implication is that the one gene 
product, or the viral kinases, may have an auxiliary role in 
the maintenance of the more viable and active state of the 
constituent proteins of the virus.
More importantly though, this type of research may lead 
to a greater understanding of the temporal linkage of all 
specific events of early reverse transcription. For 
instance, a 14% or greater reduction in the rate of initia­
tion at the tRNA^^P, as observed here for the modified 
enzyme, would give rise to slower production of cDNA^?*^. A 
slower generation of cDNA^?^ would then lead to a difference 
in the amount of jump taking place and manifest itself in 
the 20% reduction noted for larger (-) DNA products (Table 
2, DNA 600 bases in length; Figure 23, Lanes a versus c). 
This difference in jump means that the 3'-35S RNA’cDNA^?*^ 
hybrid is produced, likewise, in a slower fashion and, 
therefore, affects the poly (A) release which is dependent 
on the production of this hybrid. The release of the poly 
(A) tail involves the initiation of the reverse transcrip­
tase-associated RNase H activity. The 40% reduction noted 
for this event (Figure 19) may possibly be the compounding 
of two poor initiation events, the other being the previous 
initiation at tRNA^^P. If (+) strand DNA synthesis is
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dependent on the degradative activity of the reverse tran­
scriptase that is commencing at the 3' poly (A) tail, then 
it too should be reduced by the same amount as the poly (A) 
release. On the other hand, if this is a third specific 
site of initiation of reverse transcriptase then the amount 
of (+) strand synthesis should be reduced even further than 
that noted for the poly (A) release. This is shown to be 
true in the 60% difference observed for the amounts of (+) 
DNA produced at the 20 min timepoint. Finally, how does the 
total cumulative reduction in both (-) strand and (+) strand 
DNA synthesis relate to the kinetic data in Figure 15? The 
total reduction noted in this experiment for the modified 
enzyme is a consistent 30%. 20% or more of this can be
accounted for by the reduction in (-) strand synthesis and 
the rest from (+) strand production. Therefore, within 
experimental error (i.e. the error possibly generated in 
dissecting each event in a separate assay) the modification 
of reverse transcriptase has led to ordering of all the 
early events in reconstructed reverse transcription in 
accordance with models previously presented by others (Shank 
et al., 1978; Coffin, 1979; Gilboa et al., 1979; Dina and 
Benz, 1980; Boone and Skalka, 1981; Kune et al., 1981;
Olsen, 1982).
From the preceding discussion it can be seen that the 
construction of a modification-réaction system has led to a 
preliminary understanding of the role of phosphate cova­
lently bound to an enzymatic protein. The effect has been
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manifested through the affinity the enzyme has for possible 
initiation sites during reconstructed reverse transcription. 
A secondary value to the regulation of reverse transcriptase 
by phosphorylation may lie in the packaging and maturation 
of the virus particle itself- A phosphorylated molecule of 
reverse transcriptase, having a greater affinity for nucleic 
acids, would facilitate a more efficient coalesence of com­
plete virus particles. This form of post-translational 
modification may then assist in the j j r i  vivo production of 
progeny virus.
SUMMARY
The overall focus of this study was to examine the 
consequences of in vitro modification on the activity of a 
polymerization enzyme. To achieve this goal an iji vitro 
modification was performed on the enzyme. This step both 
incorporated and improved upon previously published proto­
cols. Two novel methods were developed for the isolation of 
phosphate-free reverse transcriptase so as to allow utiliza­
tion of alkaline phosphatase in the accomplishment of the 
stated goal. The phosphate-free reverse transcriptase was 
found to be unstable under both storage and modification 
conditions. This observation has interesting implications 
but any conclusions in regard to the exact involvement of 
phosphate are inferential. Experimentation showed that the 
addition of both BSA and template "primer could alleviate 
instability problems.
A method was also developed to render alkaline
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phosphatase RNase—free. Its activity under reconstructed reverse 
transcription conditions was monitored directly. Activity 
during the modification was then maximized while at the same 
time minimizing damage to the deoxynucleoside triphosphates.
The modified form of reverse transcriptase was intro­
duced into reconstructed reverse transcription reactions to 
delineate any effect on the specific events of early reverse 
transcription. An inefficiency was observed at three speci­
fic points during the reverse transcription process: 1 )
initiation at the tRNA^^P; 2) poly (A) release; and 3) 
initiation of (+) DNA synthesis. This behavior of the 
modified form of reverse transcriptase as compared to the 
control enzyme implicates a possible reduction in the bind­
ing affinity of the enzyme for these sites. In other words 
these are specific sites of initiation during the early part 
of reverse transcription. By inference they denote points 
at which the reverse transcriptase becomes bound during the 
process of reverse transcription. In the case of initiation 
at the tRNA^^P the reverse transcriptase may possibly be 
bound at some other point on the native template * primer 
prior to the commencement of reverse transcription (Hu and 
Dahlberg, 1983). With regard to the release of the poly (A) 
tail which is not transcribed, a second initiation point is 
established after the annealing of the cDNA^9^'s terminal 
repeat to its 3'-RNA counterpart. Finally, a reduction in 
(+) synthesis beyond the total 40% noted up to that point 
may indicate that the molecule of reverse transcriptase that
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resulted in the degradation of the (+) RNA template becomes 
disengaged from this template. By necessity a reengagement 
for the purpose of (+) DNA synthesis would take place. This 
is a possibility due to the absence of a proof-reading 
function in the reverse transcriptase (Loeb and Kunke1 ,
1982) .
At the same time the observed cumulative effect provides 
evidence for the validity of the proposed model of reverse 
transcription of the viral genome. The modified form of 
reverse transcriptase then offers a unique way of studying 
the details of the specific events of reverse transcriptions 
of the viral RNA in vitro. Perturbing a finely tuned 
reconstructed system reveals the fine structure of these 
events.
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